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Association of food quality and locations by cattle 
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Abstract 

Twelve yearling steers were observed in an S-arm radial maze 
to determine the strength of the association between food quality 
and spatial locations following a 0- or 30-day delay. The study 
was conducted using 3 qualities of feed, low (straw), medium 
(alfalfa pellets), and high (grain). During phase 1, all 8 arms con- 
tained dehydrated alfalfa pellets. In phase 2, steers were fed 
either grain or wheat straw, in 2 arms (key arms). The remaining 
6 arms contained alfalfa pellets. Six steers received straw in key 
arms, and 6 received grain. Key arms varied among steers and 
were selected so a change in arm selection patterns between 
phases would clearly be associated with corresponding changes 
in food quality. Straw was placed in arms that steers selected 
first during phase 1, and grain was placed in arms that were 
selected last lu phase 1. Phase 3 began alter a 0- or 30day delay 
following phase 2. In this phase, all arms contained alfalfa Steers 
rarely reentered a previously entered arm indicating an accurate 
spatial memory for food location. The sequence of arm selections 
in phase 2 changed (P -Z 0.05) from the pattern established in 
phase 1, which demonstrated that cattle can associate food quali- 
ty with spatial locations. The delay between phase 2 and 3 did not 
affect (P > 0.05) the selection patterns of steers that had grain in 
key arms, but did appear to affect the number and sequence of 
arm entries for steers receiving low quality food in key arms dur- 
ing phase 2. With no delay, steers that received straw in phase 2 
did not enter key arms on the fust day of phase 3, but after 30 
days animals entered and consumed food in key arms. Steers 
with no delay entered key arms fewer (P = 0.03) times during 
phase 3 than steers that began 30 days later. This suggests that 
strength of the association between food quality and spatial loca- 
tions can decline over time. 

Key Words: forage quality, palatability, spatial memory, maxe, 
cattle 

Overgrazing and subsequent ecosystem degradation are often 
attributed to undesirable spatial distributions of livestock 
(Coughenour 1991). Managers often reduce stocking rates in an 
attempt to prevent uneven distribution and overgrazing in pre- 
ferred areas (Holechek et al. 1989, Walker 1995). Rangeland 
managers must understand and be able to predict the spatial dis- 
tribution of large herbivores to minimize the potential impacts of 

This is published with approval of the Director of the Montana Agricultural 
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grazing on landscape processes. Fencing, water developments, 
riding, salting and other practices have been used to improve 
grazing distribution (Cook 1967, Bailey and Rittenhouse 1989). 
However, the underlying behavior mechanisms and processes 
that result in large herbivore grazing patterns must be understood 
before innovative techniques can be developed to improve graz- 
ing distribution (Bailey et al. 1996). 

Large herbivores generally allocate time spent in a feeding area 
or plant community in proportion to available resources (Senft et 
al. 1987, Pinchak et al. 1991). Bailey et al. (1989a, 1989b) sug- 
gested that spatial grazing patterns of cattle and other large herbi- 
vores may result from animals returning to nutrient-rich areas 
more frequently than nutrient-poor areas. This behavioral mecha- 
nism assumes that herbivores have accurate spatial memories for 
both the quantity and quality of food encountered (Bailey et al. 
1996). Empirical studies (Bailey et al. 1989a, Laca 1995) have 
shown that cattle can remember food locations. Bailey et al. 
(1989b) demonstrated that cattle associate spatial locations with 
food quantity, yet it is not clear if cattle use memory to associate 
food quality with spatial locations. 

Bailey et al. (1996) developed a conceptual model to predict 
the distribution of large herbivores based on spatial memory and 
frequency of feeding site selection. The model assumes that ani- 
mals remember good and poor feeding sites based on quantities 
and/or quality of forages and return most frequently to good sites. 
The model specifically predicts periodic sampling of all feeding 
sites. It predicts that herbivores will avoid nutrient-poor feeding 
sites after their initial visit, but eventually animals will return to 
poor sites and reevaluate forage conditions. The basis for periodic 
sampling is the model’s assumption that the influence of previous 
foraging experiences on subsequent feeding site selections 
declines over time. Memories of previous foraging experiences in 
the model decay, and eventually the simulated herbivore forgets 
how bad or how good a feeding site was. Memory decay can also 
be considered as a change in information value (Devenport and 
Devenport 1993, 1994) over time. After long delays, previous 
foraging experiences provide less information and should not be 
weighted as heavily in feeding site selection decisions because 
forage conditions change. 

The primary objective of this study was to determine if cattle 
could associate spatial locations with the quality of food found 
there. We hypothesized that cattle would quickly accomplish this 
memory task and that selection of feeding sites would be based 
on food quality. A second objective was to determine if the 
strength of such associations, if any, would decline over time. 
Our hypothesis was that any preferences for spatial locations 
resulting from associations with food quality would be more pro- 
nounced if the animal was evaluated the next day than if animals 
were evaluated 30 days later. 

JOURNAL OF RANGE MANAGEMENT 51(l), January 1998 



Methods 

Study Apparatus 
The study was conducted in an 8-arm radial maze similar to 

that used by Bailey et al. (1989a). Two strands of electric fence 
were used for the perimeter of the maze. The maze consisted of 8 
arms that were 3 m wide and 20 m in length and a center decision 
area that was 20 m in diameter (Fig. 1). An opaque feeder (0.5 m 
diameter rubber tub) was placed at the end of each arm. The maze 
was constructed in a native rangeland pasture with a few trees 
and shrubs located outside but, near the maze. A holding pen and 
release pen were constructed near the maze. The lane from the 
release pen and the gate into the maze were also constructed from 
electric fence. A visual barrier was constructed on the 3 sides of 
the release pen facing the maze (Fig. 1) to prevent animals from 
observing the maze. 

Experimental Approach 
Overview. Three yearling-crossbred (Bos taurus x Bos 

indicus) steers weighing approximately 250 kg were randomly 
assigned to each of 4 groups. For the fist 5 days, all cattle were 
treated the same. During the next 7 days (days 6 to 12), the quali- 
ty of available food was changed for all cattle in 25% of the feed- 
ing locations. For 2 groups, quality of available food improved, 
and a higher quality food was provided in 25% of the locations. 
Food quality declined for the other 2 groups in 25% of the feed- 
ing locations. The focus of the study was the feeding locations, 
termed key arms, where food type was changed during days 6 to 
12. We observed if steers preferred or avoided key arms after the 

601-1 

Fig. 1. Diagram of f&arm radial maze with the holding pen and 
release pen with a visual barrier on the radial maze sides. 

food was changed. Following this exposure, all groups were 
reevaluated for an additional 5 days with all feeding locations 
containing the same food, similar to days 1 to 5. TWO groups 
(food quality increased and decreased) were reevaluated on days 
13 to 17, and the other 2 groups were reevaluated 30 days later on 
days 42 to 46. The purpose of this reevaluation was to determine 
if feeding site selection patterns persisted. 

Feed description. Before the study a variety of grains, forages 
and other foodstuffs were fed to steers to identify highly palatable 
(high quality), moderately palatable (moderate quality) and a rel- 
atively unpalatable (low quality) foodstuffs. A grain mix (grain) 
was the most palatable and was selected as the high quality food 
(Table 1). Dehydrated alfalfa pellets (alfalfa) were less palatable 
than the grain mix and were selected as the moderate quality 
foodstuff, and wheat straw (straw) was virtually unpalatable and 
was selected as the low-quality foodstuff. Table 1 lists the crude 
protein content and in vitro organic matter disappearance 
(IVOMD) of the 3 feeds which were determined from a semimi- 
cro-Kjeldahl method (Bremner and Breitenbeck 1983) and a 
Tilley and Terry 2-stage technique (Tilley and Terry 1963) as 
modified by White et al. (1981). 

Table 1. Chemical analyses and categorizations of foodstuffs placed at 
the end of arms in a radii maze used to evahmte memory. 

Feed 
crude In vitro OM 

Palatability Quality protein disappearance 
----- (96) ---__ 

GrainllliX’ High l-w 14.1 82.7 
Dehydrated alfalfa Pellets Moderate Moderate 19.0 59.9 
wheat straw LOW LOW 2.4 41.4 

‘Grain mix consisted of corn, mile, barley, oats, molasses and a cotto& meal protein 
supplement 

Phase 1. As indicated above, the study was conducted in 3 
phases. In the first phase (days 1 to 5), cattle were trained to 
expect the same quality and quantity of food in all maze arms. 
Feeders in all 8 arms contained 0.1 kg of alfalfa. Steers were indi- 
vidually observed in the maze, and arm selection patterns were 
documented. Cattle may prefer 1 maze arm over others because 
of handedness and other factors (Hosoi et al. 1995). 

Definition of Key Arms. For 2 of the 4 groups, the 2 arms that 
were most frequently chosen last during phase 1 were identified 
and termed key arms. For the other 2 groups, the 2 arms most fre- 
quently chosen first during phase 1 were identified and termed 
key arms. The only restriction in selecting key arms was that key 
arms were never adjacent. At least 1 arm separated key arms to 
ensure key arms were 2 distinct locations and not just a region of 
the maze. Since the selection of key arms was based on individ- 
ual animal arm selection patterns, key arms varied among steers 
and within treatment groups. Key arms assigned to a steer did not 
change during the study. 

Phase 2. During phase 2 (days 6 to 12), the 2 key arms con- 
tained either grain or straw (0.1 kg) and the 6 other arms con- 
tained alfalfa (0.1 kg). Grain was placed in key arms that were 
most frequently chosen last in phase 1 (2 groups). For the other 2 
groups (key arms choosen first), the key arms contained straw. In 
other words, grain was placed in arms that were avoided in phase 
1, and straw was placed in arms that were preferred. The purpose 
of the second phase was to determine if cattle would associate a 
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different food quality with specific locations (maze arms). A Phase 3. Phase 3 was a reevaluation of arm selection patterns 
change in the arm selection pattern from phase 1 to phase 2 with all arms containing 0.1 kg of alfalfa. This phase lasted 5 
should indicate that cattle associated food quality with spatial days, and the starting date was either 0 or 30 days from the end of 
locations. The rationale for selecting the least-preferred arms for phase 2 depending on the steer group. Phase 3 began the day after 
grain and the most-preferred arms for straw was to increase the phase 2 for one of the groups receiving grain in phase 2 (GRAIN- 
rigor of the study. Changes in maze arm selection patterns 0) and one of the groups receiving straw (STRAW-O). The start- 
between phases 1 and 2 could be more readily attributed to food ing date began 30 days after phase 2 for the other group receiving 
quality than to non-food factors such as turning tendency or grain (GRAIN-30) and straw (STRAW-30). The purpose of the 
handedness (Ganskopp 1995, Hosoi et al. 1995). The animal’s third phase was to evaluate if any selection patterns developed in 
preference or avoidance of an arm because of the associated food phase 2 persisted. Figure 2 summarizes the differences among the 
&lity in phase 2 had to overcome its initial avoidance or prefer- 4 treatment groups. 
ence of that arm in phase 1 which resulted from non-food factors. 

Phase 1 

Purpose: To familiarize 
animals with maze and 
determine initial arm 

Food - alfalfa in all 8 arms 
steers - 12 
Days 1 to 5 

preferences. 

/ 

Grain mm- Groups 

Phase 2 7 
Purpose: 
Determine if 
cattle could 
associate food 
quality with 
spatial locations 

Phase 3 

I in all arms 
steers * 3 
Days 13 to 17 I 

\ GRAIN-30 

Purpose: 
Determine if 
associations 
formed in phase 
2 persisted. 

Food- 
Grain in 2 arms 
Alfalfa in 6 arms 

Steers - 6 
Days 6 to 12 

last 5 days analyzed 

1 GRAIN-0 

No delay 
Start immediately 
after phase 2 

Food- 
AJfalfa 

30day delay 
Start 30 days 
after phase 2 

Food - 
Alfalfa 
in all arms 

Steers - 3 
Days 42 to 46 

Straw 
Groups \ 

Food- 
Straw in 2 arms 
Alfalfa in 6 arms 

Steers - 6 
Days6 to 12 

last 5 days analyze< 

Alfalfa 
in all arms 

Steers - 3 
Days 13 to 17 

30day delay 
Start 30 days 
after phase 2 

Food quality- 
Alfalfa 
in all arms 

Steers - 3 
Days 42 to 46 

Fig. 2. Flow &art describing the design of tbe study conducted iu au g-arm radii1 maze. At the be-ginning and end of the study, dehydrated 
alfalfa pellets (alfalfa) was placed at the end of all arms, while alfalfa and either a graio mix (grain) or wheat straw (straw) was fed ia 2 of 
the 8 arms (key arms). 
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Protocol 
The 2 treatment groups with a 30&y delay between phases 

2 and 3 (GRAIN-30 and STRAW-30) were trained and 
observed during the same time periods, (phases 1 and 2,16 March 
1995 to 10 April 1995, and phase 3, 10 May 1995 to 16 May 
1995). The other 2 groups (GRAIN-O and STRAW-O) were 
observed from 14 April 1995 to 9 May 1995. Six steers (2 tmat- 
ment groups) were individually observed once each day beginning 
about 0800 hours. Observations usually ended by 1500 hours. 
When steers were not in the maze or in the holding pen waiting to 
be observed, they grazed in an adjacent native rangeland pasture. 
Steers were gathered and placed in the holding pen about 30 min 
before observations began. During the periods that steers were not 
observed (e.g., 30&y delay period), they also grazed in a similar 
native rangeland pasture located nearby. Thus, diets of all steers 

should have been similar during the study except for the consump- 
tion of food in the maze. However, the amount of food consumed 
in the maze (0.8 kg/day) accounted for less than 16% of their total 
daily intake assuming the steers consumed at least 5 kg/day, i.e., 
2% of their body weight (NRC 1996). 

Before entering the maze, steers were placed in the release pen 
while the observer reloaded feed at the end of each arm. The 
observer herded the steer from the release pen to the gate leading 
into the central decision area of the maze, and observed its activi- 
ties from a location outside the maze near the holding pen. The 
observer recorded the sequence that arms were entered and 
whether food was consumed. Steers were removed from the maze 
after they entered all arms containing alfalfa or grain in phases 1 
and 2. In phase 3, steers in the STRAW-O and STRAW-30 groups 
were allowed to leave after entering the 6 arms containing alfalfa 
in phase 2. Steers in the GRAIN-O and GRAIN-30 groups were 
allowed to leave the maze during phase 3 after they entered all 8 
arms or after they entered the same arm more than 2 times. After 
the animal left the maze, it was placed in the holding pen. 
Another steer was placed in the release pen and the process was 
repeated for each steer. The sequence in which steers were 
observed during a day was randomized. 

Animals were assisted by the observer into unentered arms 
after 30 minutes or after a third reentry of any arm during phases 
1 and 2. Anytime the observer was within 5 m of the decision 
area the animal’s subsequent choice was recorded as assisted. 
Assists were generally the last arm entered during a trial, and 
usually required direct herding. Steers were approached from the 
arm end they were in and herded to the decision area and into the 
unentered arm. During phase 3, steers were not assisted. 

Periodically in all phases, steers would graze in an arm after 
consuming the food. When this occurred, the observer would 
attempt to start the animal moving toward the decision area with- 
out influencing its subsequent arm choice. The observer would 
approach the animal from the arm end and move toward the ani- 
mal by walking in the center of the arm. Once the animal started 
moving, the observer slowly backed toward the arm end and then 
left the maze. If the observer remained at least 5 m from the deci- 
sion area while starting the animal moving, the event was recorded 
as push. If the observer was required to be within 5 m of the deci- 
sion area, the choice was considered as an assist. The criteria used 
to differentiate between assists and pushes are more stringent than 
those used in other maze studies with cattle (Bailey et al., 1989a, 
1989b). It is unlikely that the observer affected animal movement 
in the decision area after a push since 5 m is usually outside a 

steer’s flight zone, especially steers accustomed to the Observer 
(Grandin 1989). The arms were relatively narrow (3 m), and steers 
generally followed trails down the center of the arm to avoid the 
electrified wires. Thus, the observer would be unliiely to infhi- 
ence the tendency of steers to turn while they were in the arm. 

Description of Dependent Variables 
Most of the dependent variables used in this study involves 

number of choices. If a steer traveled more than 4 m into the arm 
before turning around or backing out of the arm, this behavior 
was considered an arm entry and a choice. If a steer entered an 
arm but traveled less than 4 m down the arm before leaving, this 
behavior was not considered an arm entry or a choice, and it was 
not used in the analysis. 

Spatial memory of food within the maze was evaluated using 
the number of correct choices in the fust 8 entrances, similar to 
other maze studies (Olton 1978, Bailey et al. 1989a, 1989b). A 
choice was considered correct if a steer entered a previously 
unentered arm without assistance from the observer. If a steer 
entered a previously entered arm, a repeat, the choice was consid- 
ered incorrect. The choice was also considered incorrect if the 
observer herded the steer into an arm, an assist. The choice after a 
push could be either correct or incorrect since it was not consid- 
ered an assist, and the observer avoided influencing the animal’s 
decision. In an f&arm maze, 8 correct choices in 8 entrances 
occurs when animals make no mistakes (perfect performance) 
while 5.3 correct choices in 8 entrances is the value expected by 
chance (Olton 1978). In cases when steers did not enter 8 arms 
during an observation period, there was no adjustment. For exam- 
ple, 6 correct choices in 8 entrances was recorded if a steer 
entered 6 previously unentered arms without assistance during an 
observation period. 

The number of choices before 1 key arm was selected and the 
number of choices before both key arms was selected during an 
observation period were used to evaluate if the pattern of arm 
selections changed during the study. This allowed us to document 
if key arms were selected tirst or last during an observation peri- 
od. For example, a value of 6 would be recorded if the first key 
arm entered during an observation period was the steer’s sixth 
choice. Although key arms were identified at the end of phase 1, 
the numbers of choices to these arms during phase 1 were used in 
the analyses to evaluate if arm selection patterns in phases 1 and 2 
differed. When 1 or 2 key arms were avoided during an observa- 
tion period, the number of choices to 1 or 2 arms was calculated 
by increasing the total number of choices by 1 or 2, respectively. 

Statistical Analyses 
Analysis of variance was used to compare results from the 

treatment groups across the 3 phases of the study (SAS 1988). 
The 5 values from each steer during phases 1 and 3 were pooled 
for analyses of variance, and for phase 2 only the values from the 
last 5 days were pooled and used. For analyses of the number of 
correct choices in the first 8 entrances and pushes, the model 
included food quality (grain vs. straw in phase 2), delay interval 
between phase 2 and 3 (0 vs. 30 day delay), phase, quality by 
delay interval interaction, and steer. The between steer variance 
component was used as the error term. To analyze the number of 
choices to 1 or 2 key arms, groups receiving grain in phase 2 
(GRAIN-O and GRAIN-30) were analyzed separately from 
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groups that received straw (STRAW-O and STRAW-30) because 
the change in values from one phase to another was expected to 
be in opposite directions for these groups. The model included 
delay interval, phase, steer within delay interval and the phase by 
delay interval interaction. The between steer variation was used 
as the error term. 

T-tests (4 df) were used to compare the 0- and 30&y groups 
(GRAIN-O vs. GRAIN-30 and STRAW-O and STRAW-30) for 
the number of choices to I key arm in phase 3, number of key 
arms not entered in phase 3 (pooled data) and the change in the 
number of choices from the last day of phase 2 to the first day of 
phase 3. One-sided t-tests were used because the differences 
between the long and short delays were expected in only one 
direction. 

The number of choices to 1 key arm on the last day of phase 2 
and the first day of phase 3 were compared using paired t-tests. 
Separate analyses were completed for each of the 4 groups, and 
steer was used to pair values (2 df). 

Results and Discussion 

Evaluation of Spatial Memory 
During phase I, the mean number of correct choices in the first 

8 entrances was 7.0 for all groups, which is greater (P < 0.05) 
than the 5.3 value expected by chance (Olton 1978). This level of 
performance in an 8-arm radial maze indicates an accurate spatial 
memory, but it is slightly less than the accuracy (7.6 to 7.8 cor- 
rect choices in the first 8 entrances) reported for cattle by Bailey 
et al. (1989a). The number of correct choices in the first 8 
entrances was similar (P > 0.25) throughout the study (Table 2). 
Changing food quality in some of the feeding sites did not result 
in steers selecting previously entered arms, repeats, or increase 
the need of assistance from the observer. 

Steers often grazed during the study, and the observer had to 
start them moving with a “push” (Table 2). The number of pushes 
remained consistent (P > 0.2) across all phases, and there were no 
differences (P > 0.2) between the groups. 

Table 2. Evaluation of spatial memory of steers in an 8-arm radial maze 
during the 3 phases of the study. Means were from groups that 
received grain (GRAIN-O and GRAIN-30) and straw (STRAW4 and 
STRAW-30) during phase 2. 

Group Phase 

COtTed 
choices in 8 

entrances’ Pushes’ 

Grain I 7.0 1.9 
2 7.6 1.1 
3 7.6 1.0 

Straw 1 7.0 2.4 
2 6.7 2.3 

‘Correct choices were defined by steers entering previously unentered arms (during an 
observation period) without the observer herding the animal into au arm. A value of 8 
indicates that as steers entered all 8 arms without assistance from the observer and did 
not reenter any arms, perfect performance. A value of 5.3 is expected by chance (Olton 
1978). 
‘Pushes occurred when the observer started the animal moving out of a maze arm, but 
avoided influencing the steer’s next choice. Choices following a push could be correct or 
incorrect. 

Association of Food Quality and Locations 
The mean number of choices before 1 key arm was selected in 

phase 2 was lower (P = 0.04) than phase 1 for the GRAIN-O and 
GRAIN-30 groups (Table 3). The number of choices before both 
key arms were selected was also lower (P = 0.11) in phase 2 than 
phase 1 for these 2 groups. Steers selected key arms containing 
grain during their first few arm choices in phase 2, instead of 
selecting them last as they did in phase 1. 

For the STRAW-O and STRAW-30 groups, the mean number 
of choices before 1 key arm was selected was greater (P < 0.05) 
in phase 2 than in phase 1 (Table 3). The number of choices 

Table 3. Tbe mean number of choices before 1 or 2 identified arms (key 
arma) were selected in au 8-arm radial maze. 

Groups Phase 
Choices to 
1 key arm’ 

Choices to 
2 key amd 

Grain’ 

StraW3 

1 4.3 a 
2 2.7 b 
3 3.1 ab 

1 1.1 a 
2 4.4 b 
3 4.6 b 

7.7 a 
5.9 b 
6.7 ab 

5.0 a 
7.5 b 
7.1 h 

‘Choices refer to arm enhances in a 8-arm radial maze. Key arms were identiiied for 
each s&r using arm selection patterns from the ftrst 5 days of the study, phase 1. 
*Means are pooled data from the GRAIN-O and GRAIN-30 groups (see text). Key arms 
in these groups were selected last duriug phase 1. 
These groups received grain in key arms during phase 2. 
3Mcans are pooled data from to the STRAW-0 and STRAW-30 groups (see text). Kay 
arms in these groups were selected first in phase 1. 
These groups received straw in key arms during phase 2. 
a,b Values within a column and group (ie., grain and straw) followed by different letters 
differ (P < 0.05). 

before both key arms was selected was also greater (P = 0.04) in 
phase 2 than phase 1. Steers clearly avoided key arms containing 
straw in phase 2 even though they selected these arms first during 
phase 1. In most cases during the later part of phase 2, steers did 
not enter arms that contained straw (Fig. 3). After consuming the 
alfalfa, 6 arms or 6 correct choices, they went to the exit gate and 
waited for it to be opened. 

The change in arm selection patterns from phase 1 to phase 2 
demonstrates that cattle can associate food quality or palatability 
with a spatial location. These results agree with those observed 
by Scott et al. (1995). In that study, lambs changed their selection 
of feeding sites when placement of a desired food and an unde- 
sired food were switched. 

In this study, it is not possible to distinguish whether cattle 
associated spatial locations with food quality or with food palata- 
bility. Food quality and food palatability are typically confound- 
ed. Provenza (1995) suggests that palatability is a function of 
food quality through post-ingestive feedback. In any case, steers 
remembered locations that contained preferred foods and selected 
them first, and they remembered locations that contained the rela- 
tively unpalatable food (straw) and selected them last or avoided 
them altogether. 

Persistence of Associations 
Food Quality Effects. The mean number of choices before 1 

key arm was selected in phase 3 was similar (P < 0.05) to those in 
phases 1 and 2 for the groups that received grain (Table 3), 
GRAIN-O and GRAIN-30. However, the choices to 1 key arm 
were greater (P = 0.04) in phase 3 than phase 1 for the groups that 
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received straw, STRAW-O and STRAW-30. When food quality 
declines in a location from a high level to a low level, herbivores 
quickly observe the change because they frequently return to 
nutrient rich locations (Bailey 1995). However, an improvement 
in food quality from a low to high level may not be recognized 
immediately because herbivores may avoid locations with low 
food quality. Steers in this study, quickly learned that food in key 
arms changed from grain to alfalfa in phase 3 because they did 
not avoid key arms. 

Grain Groups. The GRAIN-O and GRAIN-30 groups did not 
differ (P > 0.05) in the mean number of choices to 1 or 2 key 
arms when evaluated across the study. During phase 3, the mean 
number of choices to 1 key arm was also similar (P > 0.25) for 
the GRAIN-O (3.6) and GRAIN-30 (2.7) groups. The mean num- 
ber of choices to 1 key arm on the last day of phase 2 was similar 
(P > 0.21) to the first day of phase 3 for the GRAIN-O and 
GRAIN-30 groups (separate paired-t tests). For steers that 
received grain in phase 2, delaying the start of phase 3 by 30 days 
had little effect on arm selection patterns. 

Straw Groups. The STRAW-O and STRAW-30 groups did not 
differ (P > 0.15) in the mean number of choices to 1 or 2 key 
arms when evaluated across the study. During phase 3, the mean 
number of choices to 1 key arm was 5.7 for the STRAW-O group 
and 3.6 for the STRAW-30 group, but the difference was not sig- 
nificant (P = 0.14). The mean number of choices to 1 key arm 
from the last day of phase 2 to the first day of phase 3 increased 
(P = 0.05) for the STRAW-30 group, but the STRAW-O group 
did not change (P > 0.25). The change in the mean number of 
choices from the last day of phase 2 to the first day of phase 3 
was 2.7 for the STRAW-30 group which was greater (P = 0.05) 
than the change of -1.0 for the STRAW-O group. This suggests 
that the association between the low quality foods and spatial 
locations declined during the 30-day interval. 

The most convincing evidence, however, is that none of the 
steers from the STRAW-O group entered a key arm on the first 
day of phase 3, and all of the steers from the STRAW-30 group 
entered both key arms and consumed all of the feed (Fig. 3). 
During the 5 days of phase 3, steers in STRAW-O group entered 
key arms fewer (P = 0.03) times than the STRAW-30 group. 
Steer 310 in the STRAW-O group did not enter a key arm during 
all of phase 3, and steer 409 in that group only entered a key arm 
twice. These steers avoided key arms more strongly in phase 3 
than in phase 2. However, the other steer (357) in the STRAW-O 
group behaved differently than the other steers for most of phase 
3. On the first day of phase 3, steer 357, like the other 2 steers, 
avoided and did not enter the key arms, but on the second day of 
phase 3 steer 357 entered a key arm on the second choice and 
later entered the second key arm. Steer 357 entered both key 
arms for the remainder of phase 3 (Fig. 3). The reason that steer 
357 behaved differently than the other steers in the group is not 
known, but perhaps the steer was purposely sampling. 

During phase 3, steers in the STRAW-O group avoided key 
arms even though they contained alfalfa. This suggests that cattle 
used memory rather than visual or olfactory cues to locate alfalfa. 
Bailey et al. (1989a) concluded that cattle did not use olfactory 
cues to locate food in radial- and parallel-arm mazes. Feeders 
used in maze studies are opaque which prevent animals for using 
visual cues. Animals apparently can associate features of a spa- 
tial location (visual and other attributes) with the quality and 
quantity of food found there (Bailey et al. 1996). 
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STRAW-O Group 

Phase 1 Phase 2 Phase 3 

Day 
STRAW-30 Group 

Phase 1 Phase 2 Phase 3 

Day 

Fig. 3. Number of choices before 1 of the 2 identified feeding sites 
(key arms) was selerted each day for individual animals in the 2 
groups receiving straw in phase 2, STRAW-O (no delay between 
phases 2 and 3) and STRAW-30 (30-day delay). Key arms for 
these groups were identified because arm selection patterns in the 
radial maze during phase 1 indicated that steers selected them 
first. Straw was placed in the 2 key arms during phase 2. The 
numbers ‘1” and “2” on the graph indicate that the steer did not 
enter 1 or 2 key arms, respectively, on that day of the study. 

Application to Grazing Models 
The conceptual grazing model developed by Bailey et al. 

(1996) assumes that cattle can associate forage quality and quan- 
tity with spatial locations and that the strength of these associa- 
tions may weaken or decay over time. The premise of this model 
is that cattle remember areas and return to areas with greater 
resources (higher forage quality and/or quantity) and usually 
avoid areas with fe\ver resources. However, the model predicts 
that areas with fewer resources are periodically visited because 
animals tend to forget how poor the area was (memory decay) or 
because the reliability of the information from previous foraging 
experiences declines over time (Devenport and Devenport 1993, 
1994). Bailey et al. (1989b) demonstrated that cattle can associate 
food quantity with spatial locations. This study shows that cattle 



can remember the quality (or palatability) found at different spa- 
tial locations. This study also suggests that the strength of the 
association between food quality (or palatability) and spatial 
locations declines over time. 

Implications 

This study supports the conceptual model described by Bailey 
et al. (1996) that cattle memory of feeding sites with low-quality 
foods declines over time. Memory decay may be an important 
mechanism for explaining grazing movements of cattle. Further 
research is needed to determine if memory decay is the reason 
cattle eventually return to feeding sites with fewer resources. 
Alternatively, animals may purposely sample areas in their home 
range on a periodic basis to reassess available food resources. 
Larger-scale field studies are needed to determine if the results 
from this study are applicable to livestock and other large herbi- 
vores grazing rangelands. 
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Abstract 

The effect of walking on cattle energy expenditure was 
assessed by monitoring the CO, production of cattle with the 
“‘C-entry rate technique. Seven Angus steers (298 f38 kg BW) 
were peritoneally infused with a solution of NaH14C03 for 72 
hours using portable peristaltic pumps. The steers were 
forced to walk after 24 hours of infusion, on 2 consecutive 
days. On the first day, walking was at a constant speed of 2 
km.hour’, divided in 4 periods of 0.5 hours (1 km), iirst on 
the level ground, second and third ascending and descending 
a 6% grade, and ilnally on the level surface on the way back 
to corrals. On the second day, cattle walked 1 km at 1 km 
hour”, and thereafter walked 4 km at 4 km hour-’ on the 
level. Saliva samples were collected for periods of 0.5 hours 
before and during different periods of walking and at rest at 
2 and 4 hours after the activity. Concentration and specific 
activity of CO, were measured in saliva samples to estimate 
the rate of CO2 production [ml.hour’ .(Bw’q’5)-1] as the ratio 
between the rate of infusion (pCi.hour-‘) and the specific 
activity of CO, (pC!i.liter-’ of COz). The production of CO2 
was converted to heat production using an energy equivalent 
of 5.26 kcal.liter~‘. Average energy expenditure (EE) in cor- 
rals ln both days before the activity was 82.6 f 3.1 kcal hour- 
‘.lOO kg BW-’ [650 ml CO~hour-1.(Bw0.‘5)-1]. The cost of walk- 
ing on the level surface and on the 6% grade was 9.0 f 1.14 
and 16.4 f 2.18 kca1.km~‘.100 BW”, respectively. There was a 
small nonsignificant residual effect of walking that disap- 
peared a few hours after exercise. It was concluded that the 
cost of walking can only have a minor effect on the energy 
requirement of grazing cattle. 

Key Words: voluntary activity, energy expenditure, carbon 
dioxide entry rate 

Freely grazing cattle spend most of the day harvesting forage 
and walking, consequently it has been assumed that the extra 
energy expenditure on pastoral systems may affect production of 
beef or dairy cattle. Daily, cattle could spend 8 to 10 hours graz- 
ing and would walk between 2 to 8 km (Herbel and Nelson 1966, 

This experiment is part of the project “Factors affecting energy expenditure of 
grazing cattle” supported by the University of Mar de1 Plate, CONICET and INTA 
of Argentina. ~- 
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Resumen 

El efecto de la caminata sobre el gasto energetic0 de vacu- 
nos fue evaluado a traves de la production de CO,, estlmada 
por la tasa de dilution de1 radiocarbono (“C). Siete novillos 
Angus (298 fi8 kg peso corporal) se infundieron intra-peri- 
toneahnente con una solution de NaH’CO, durante 72 h, uti- 
lizando bombas peristalticas port&tiles. Los novillos se 
hicieron camlnar durante dos dias consecutivos, comenzando 
la actividad despues de 20 h de1 inicio de la infusion. El 
primer dia, la caminata se realii6 a una velocidad con&ante 
de 2 km&‘, en cuatro periodos de 0,s h (1 km). Primer0 
camlnaron en el llano, segundo subiendo una loma de 6% de 
pendiente, tercero bajando la n&ma y, finahuente, volvieron 
a caminar en el llano para volver a 10s corrales, donde des- 
cansaron hasta el proximo dia. El segundo dia camlnaron en 
el llano, primer0 recorriendo una distancia de 1 km a una 
velocidad de 1 km h’ y, posteriormente, sobre una dlstancia 
de 4 km a una velocidad de 4 km&‘. Se colectaron muestras 
de saliva durante periodos de 0,5 h antes, durante 10s diie- 
rentes periodos de actividad, y a las 2 y 4 h de descanso 
despues de la misma. Se midi la concentration y activldad 
especiilca (AE) de1 CO, en las muestras de saliva, para esti- 
mar la production de CO2 [ml k’.(kgO,75)‘]. Esta se calcul6 
coma la relaci6n entre la tasa de lnfusidn (pC!i.h-‘) y ia AE de1 
CO, (pCi.1“ de CO& La production de CO, se convirti6 en 
calor, utilizando coma equivalente energetic0 de1 CO2 el 
valor 5,26 kcal.1~‘. El promedio de gasto energetic0 en corral 
durante 10s dos dii; previo a la activldad, fue de 82,6 f 3,l 
kcaLh-‘.108 kg” [650 ml C0~k1.(kg0,75)“]. El cost0 de cami- 
oar en el llano y en la loma de 6% de pendiente fue de 9,0 f 
1,14 y 16,4 f 2,18 kcal.knil.lOO PV’, respectivamente. Hubo 
un pequeiio y no signiflcativo efecto residual de la caminata 
que desaparecid unas pocas horas despub de1 ejercicio. Se 
concluyo que el costo de la caminata solamente puede tener 
un efecto de poca importancla en 10s requerlmlentos energeti- 
cos de vacunos en pastoreo. 

Ribeiro et al. 1977, Aello and G6mez 1984, Lathrop et al. 1988, 
Hart et al. 1993). 

Energy expenditure of grazing cattle has been investigated by 
various workers during the last 20 years. Most estimations of 
energy cost of walking in cattle are derived from experiments 
with sheep (Clapperton 1964, Graham 1964), or from the study of 
Ribeiro et al. (1977) with cattle. Data from calorimeters or respi- 
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ration chambers indicate that walking may considerably increase 
the requirement of maintenance. For example Ribeiro et al. 
(1977) estimated, from data of cattle walking on a treadmill, that 
animals travelling between 1 to 6 km could increase energy 
requirement by about 4 to 24% above maintenance. These workers 
measured 0, consumption of 4 steers walking on a treadmill at 
speeds between 2 to 5 km hour’, concluding that the average ener- 
gy cost for walking in cattle was about 50 kcal.km~*.100 kg BW-’ 
as it has been reported in sheep (Clapperton 1964, Graham 1964). 

It is important to remark that research on the energetic cost of 
cattle walking on the open range has been limited by available 
methodologies, and also because measurement depends on obser- 
vations of an increase in heat production that is often small in rela- 
tion to that standing still (Farrell et al. 1972). Therefore, values 
from 45 to 60 kcal.kni’.100 kg BW’ have been generally accept- 
ed for unrestrained cattle walking on the open range (Osuji 1974, 
ARC 1980, CSlRO 1990). Consequently it has been assumed that 
if walking has such high energy cost, the reduction of the distance 
travelled could save energy and improve production. 

Graham (1964) suspected that animals on a treadmill could 
exhibit a higher energy expenditure than those walking in the 
open range and many researchers have not found that walking per 
se effected animal performance, or that the effect was much 
lower than expected. For example Thomson and Barnes (1993) 
did not find a negative effect on milk production of dairy cattle 
travelling 8 km day-‘, even though their cows walked part of that 
distance over a 15 m hill. Lamb et al. (1979) found that walking 
improved reproductive and feeding efficiency without affecting 
production, in 2-year-old dairy heifers that have been kept in con- 
finement. Gemeda et al. (1995) reported minor differences in 
body weight losses and milk production between working and 
non-working cows. Nicholson (1987) found that the effect of 
long-term walking on zebu cattle productivity was negligible. He 
concluded that the additional energy requirements for walking are 
very small and lower than those reported in the literature. In addi- 
tion, Mendez et al. (1996) estimated from the carbon dioxide 
dilution rate technique that cattle walking between 6 to 9 km day-’ 
at 3 km hour-’ would increase energy expenditure by only 4 to 
6%. Findings cited above indicate that the energy cost of walking 
on the open range may be lower than those on treadmills, which 
cast doubts on the negative effect of this extra energy cost on 
grazing cattle production. 

This research was conducted to evaluate the energy cost of 
free-walking cattle travelling on the level at speeds of 1, 2, and 4 
km hour’, on a 6% gradient at 2 km hour-‘, and standing still 
before and after 2 and 4 hours of the exercise, using the carbon 
dioxide dilution rate technique (Whitelaw 1974, White 1993). 

Materials and Methods 

Carbon Dioxide Entry Rate Technique 
Energy expenditure of walking cattle was evaluated in the fall 

of 1995, in Balcarce, Argentina (37” 45’ south, 58” 18’ west), 
from the CO, production estimated by the CO, entry rate tech- 
nique (Young 1970). 

A solution of NaHr4C0, (American Radiolabeled Inc., pH=lO) 
was infused at a rate of 8.1 uCi hour-’ for 72 hours using individ- 
ual battery-powered peristaltic pumps (Syropum, Everest 
Electronic, Australia). The pumps were carried in a canvas pouch 
on a wither harness. Saliva was drained manually from a parotid 

salivary duct cannula directly into a plastic flask attached to the 
cattle neck. Samples were collected before and during different 
periods of walking, and at rest 2 and 4 hours after the activity. 
Sampling commenced at least 20 hours after the infusion was 
started (Sanchez and Morris 1984) and over periods of 30 min- 
utes to provide an integrated value of specific activity of CO, 
over the period the exercise was performed. 

The specific activity of COZ was calculated in saliva samples 
dividing the activity ($i.ml saliva) by the concentration of CO, 
in the samples of saliva (ml CO,.ml’ saliva). Carbon dioxide 
concentration was determined by Neiss’s technique (Sahlu et al. 
1988) and r4C-activity was measured in 1 ml of saliva, mixed 
with 9 ml of a scintillation cocktail. In each case determinations 
were made in triplicate. 

Carbon dioxide production rate was calculated as the ratio 
between the infusion rate (pCi hour-‘) and the specific activity of 
CO, (l.Ki liter-’ of COZ) (Corbett et al. 1971), and was expressed 
as ml of CO, hour-’ (kg”.75)-*. Heat Production (HE) was estimated 
assuming an energy equivalent of 5.26 kcal liter-’ of CO, (derived 
from data of Sahlu et al. 1988, and Elia et al. 1988). 

Angus steers, 18 to 20 months of age, were placed in individual 
corrals for 1 week and fed alfalfa hay (1 kg DM. 100 kg BW-‘) 
and also allowed to graze 2 hours day-‘. During this adaptation 
phase the steers were tamed and trained to walk following a trac- 
tor at a constant speed. Animals were prepared for infusion of 14C 
and saliva sampling, placing 1 catheter into the peritoneal cavity, 
and another into 1 parotid gland duct, which exited the mouth via 
a perforation in the cheek (as described by Sanchez and Morris 
1984, and Salhu et al. 1988). 

Field Experiment 
For 2 days, 7 steers, 3 of small size (258 f 14.9 kg BW) and 4 

of medium size (327 * 6.4 kg BW), walked following a tractor at 
a constant speed over a predetermined distance. The exercise was 
performed under fall weather conditions with mild temperature 
and high humidity. Temperature averages were (“C!) 18.2 with a 
minimum of 13.4 and a maximum of 23.0. In both days a short 
rainfall was registered in the morning. 

On day 1, the steers were allowed to graze 2 hours in the mom- 
ing and thereafter walked at 2 km hour-’ for 4 distance intervals 
of 1 km each (30 minutes). First interval was on the level ground, 
the second and third interval ascended and descended a 6% grade, 
and the fourth interval was on the level ground on the way back 
to corrals. The second day, they walked a distance of 1 km at 1 
km hour-‘, and thereafter 4 km at 4 km hot& (intervals of 1 hour 
each) on level ground. Saliva samples were taken over a period of 
30 minutes on each walking interval and also replicated samples 
were taken during the 1 hour-walking interval at 4 km hour-‘. 
Additionally, saliva was taken before the activity of each day, 
and after 2 and 4 hours after the activity. 

Statistical Analysis 
Walking energy cost on the level ground @al km-‘) was estimat- 

ed by linear regression using speed (0, 1, 2, and 4 km.hom’) as the 
independent variable and energy expenditure (kcal.hom’.lOO kg 
BW-‘) as dependent variable. Energy cost of walking on the 6% 
grade was calculated by the average increase of EE walking on 
the grade (ascending and descending) relative to that observed in 
corrals (kcal hour’), divided by the distance travelled (2 km). 
Mean standard errors were computed in each case. Comparison 
of EE between both days in corrals before activity, walking at 2 
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km.houi’ before and after walking on the grade, ascension vs 
descension of the grade, resting 2 and 4 hours after the activity, 
and within the period of 1 hour walking at 4 km hour-‘, was ana- 
lyzed by 1 way ANOVA (p < 0.1) and significant F-means were 
tested by Fisher’s (LSD) test. 

Results and Discussion 

Application of “C entry rate technique 
Steers adapted well to the experimental protocol and no techni- 

cal problems were detected during the 3 days of continuous infu- 
sion of 14C, or during saliva collection. It was very important to 
work with tamed and trained animals to collect saliva without 
altering normal behavior of cattle. With a catheter properly 
placed in the parotid duct, saliva was collected continuously 
while cattle were walking or standing still without disturbing 
them. It was also mandatory to use proper portable peristaltic 
pumps, that assured 14C infusion at a constant rate under field 
conditions during the 3 days of the study. 

Saliva sampling from the parotid gland was chosen because it 
appeared to be easier and less stressful than continuous blood 
sampling. Engels et al. (1976) reported also greater precision in 
estimating energy expenditure from entry rate data derived from 
saliva than from urine or blood, and Whitelaw (1974) pointed out 
that this technique estimates CO, production with high precision, 
showing only minor differences with estimations on respiration 
chambers (Sahlu et al. 1988) and with the advantage of not dis- 
turbing animals on the open range. Saliva is secreted continuous- 
ly and its bicarbonate content (C02) equilibrates ‘with all extracel- 
lular bicarbonate in the rest of the body causing changes of CO2 
production rapidly (Whitelaw 1974). 

Variations in CO2 production were as depicted in Fig. 1. The low- 
est values were observed in conals before the activity [650 * 27.1 ml 
houi’.(kg Bw75)-‘] and on the short walk of 1 kilometer at 1 
kmh~uf' (722 f. 48.8). These values were not significant (p > 0.1). 
The highest level of CO2 was produced when walking on the gra- 

950, 
WH 

3 
WL: 4 km.6’ 

R4h 
R4h 

dient or on level ground at 4 km hour-‘. The increases in CO2 
when walking at 2 and 4 km.hour’ on the level ground [837 * 
26.3 and 919 + 40.0, mlhour-‘(kg B,.75)-‘, respectively] as well 
as on the grade (908 ~40.9) were significantly different from 
those in corrals (p I 0.1). However differences due to walking at 
2 and 4 km.hour-’ on the flat, and on the 6% gradient were not 
significant (p > 0.1). 

Energy Expenditure 
It is important to bear in mind that an estimate of CO, entry 

rate, whether derived from blood, urine, or exhaled gas samples, 
is not necessarily an absolute measure of the rate of CO2 produc- 
tion either by the body tissues or the whole animal. It is a practi- 
cal index of heat production (HP) or energy expenditure (Corbett 
et al. 1971) that depends on the energy equivalent of CO2 which 
varies with the type of fuel being oxidized. Whitelaw (1974) 
pointed out that HP derived directly from the 14C entry-rate and 
the appropriate energy equivalent of C02, is as accurate as other 
published equations. Therefore, such approach was used in the 
present experiment, assuming an energy equivalent of 5.26 kcal 
liter-’ of CO2 (Sahlu et al. 1988; Elia et al. 1988). It is important 
to point out that estimations from this procedure agree very well 
with published prediction equations for sheep by Sahlu et al. 
(1988) and for cattle by Young (1970). 

Differences in energy expenditure in both mornings in corrals 
before activity, or in 2 moments under the same level or intensity 
of activity were very small and had standard errors of each esti- 
mation between 3 to 8% (Table l), in accordance with Young 
(1970), Whitelaw (1974), and Havstad and Malechek (1982), 
who reported mean standard errors of 7 to 20%. The coefficient 
of variations in the present study were between 8 to 19% of the 
mean. 

Table 1: Energy expenditure of 7 steers in 2 moments in corrals or under 
the same level of activity. 

Condition Mean EE standard Coefficient 
error of variation 

kcal.houi’.lCJl kg BW-’ 
In corrals 

Day 1 81.8a 3.9 
Day 2 83.4a 4.8 

Walking 2 km.h-’ 
First km 105.6b 3.1 
Fourth km 107.4b 3.9 

Walking 4 km.h-’ 
First 2 km 115.8b 5.1 
Second 2 km 117.3b 5.2 

Walking on the grade 
Ascending 113.7h 8.1 
Descending 116.5b 6.0 

a,bc Means followed by different letter are siguifiiant (p L 0.1). 

6) 

13 
15 

8 
10 

12 
12 

19 
14 

C FRST DAY ’ SECOND DAY The average energy expenditure of both mornings standing in 

600-o I I I I I I,, , , , , ,- 
the corrals before the different periods of activity (n = 14) was 

10 13 14 15 16 18 20 9 10 11 12 14 16 82.6 r 3.1 kcal hour-‘.100 kg BW-’ as shown in Table 2. The 
HOURS OF DAY increase of EE was 11, 29, and 40% walking at 1, 2, and 4 km 

Fii. 1: Variations in CO2 production rate (ml hour’.kg BWL’P in 7 hour-’ (or on the grade), respectively (8.7, 23.9, and 32.9 kcal 
stews in corrals (C), walking (IV) on the level ground (L) at 1,2, hour-‘.100 kg BW“). With the exception of walking at 1 km hour’, 
and 4 km/hour, on a 6% grade (a) and at 2 and 4 hours of rest EE expenditure increased significantly (p _< 0.1) above the level 
0. observed in corrals when walking. However, effect of walking at 
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Table 2: Energy expenditure for steers in corral and walking (in 
kcal.houi’.lOO kg BW’). 

Walking pace Surface EE Observations --Increasec-- 
type 

(km.hour-‘) FE) (%I 
0 Corral 82.6a i3.1 14 ___ -_ 

1 Level 91.3a i5.2 6 8.7a 11 
2 Level 106.4b 12.6 13 23.9b 29 
2 6%-grade 115.lb ~5.1 14 32.6b 39 
4 Level 116.6b k3.7 14 33.lb 41 

a.b Means followed by different letters are significant (p -z 0.1). 
c Increase in energy expendihm relative to standing in a corral. 

2 km hour-r (on level ground and on the 6% grade) or at 4 km 
hour-’ were not different (p > 0.1) among themselves (Table 2). 
The lack of significance could be attributed mainly to the small 
relative differences in rate of CO, production among periods of 
activity, which were below, or close to, the limit of significance 
of 15% (P I 0.1) that this methodology was able to detect under 
the conditions of the present experiment. 

When the speed was duplicated from 1 to 2 and from 2 to 4 
km.hour-’ EE increased 18 and 12%, respectively, which is par- 
tially in accordance with Ribeiro et al. (1977) who reported that 
when walking speed on the treadmill increased from 2.4 to 5 
km.hour-r EE augmented 18% in young cattle. However, they 
also found in their study that older cattle exhibited a minimum of 
EE when walking at a speed of 3.3 km hour’, which means that 
EE increased when animals walked at higher or lower speeds. 

The maximum increase of energy expenditure of 40% observed 
in the present study is in agreement with those reported by 
Havstad and Malechek (1982) in grazing heifers (46%) and by 
Maloiy et al. (1986) in African women (47%) carrying a load of 
61% of their body mass on a treadmill. One is tempted to specu- 
late that this maximum increase of energy expenditure of 40 to 
50% above the no-activity level could be indicating same physio- 
logical limit of aerobic capacity. 

The energy cost of walking on the level ground (y) estimated 
by regression of heat production (Fig. 2) and the speed (x) was: y 
= 84.4 + 9x (St, = 1.14, 8, = 12.63, R2 = 0.53). The average cost 
of walking on the 6% grade was 16.4 + 2.18 kcal.kml.lOO kg 
BW-’ with no significant differences between ascending and 
descending the 6% grade. 

Residual Effect of Activity 
After walking was terminated the rate of CO, production fell 

rapidly to the level before activity, following a similar pattern of 
decline on both days (Fig. 1). After 2 hours of rest, the rate of 
carbon dioxide production decreased to a level that was not sig- 
nificantly different from the level previous to exercise. There was 
a 10% not significant cumulative effect during 4 hours after 
walking that returned to the baseline observed in corrals after 1 
night of rest, therefore the CO, production of the second morning 
was similar to that on the first morning. Corbett et al. (1971) 
observed that the CO, entry rate in sheep returned to a baseline 
76 minutes after a 3 hour walking interval ended (1.5 km hour“). 
Clapperton (1964) reported that the energy expenditure of sheep 
at night was unaffected by considerable differences in their level 
of activity by day, and that energy expenditure during the night 
following the exercise, could decrease because animals tend to lie 
more during the period of rest. The above author, also pointed out 

12 

that an increase in the rate of CO, production during the night 
could have happened only if animals failed to recover from the 
effect of exercise and enter into the night in a state of oxygen debt. 

There was no difference in EE between the first and fourth 
walking interval at 2 km hour-’ on the level (Table 1). As depict- 
ed on Fig. 1, CO, production was similar when the steers walked 
the first kilometer at 2 km.hour’ (interval 1) than when they 
walked the fourth kilometer (interval 4) on the way back to cor- 
rals [832 vs 843 ml hour-’ (kg BW”.“)-‘]. In this last walking 
interval animals had previously walked 1 km on the level plus 2 
km ascending and descending the 6% grade. 

The l-hour-walking interval at 4 km hour-’ was divided in 2 
periods of 30 minutes each to examine whether severe exercise in 
the preceding first 30 minutes affected the CO2 production of the 
next 30 minutes (2 km each interval). As shown in Table 1, no 
differences (1.3%) were found in EE within this walking interval. 
Results clearly indicate that there was no carry over effect of the 
exercise from one day to the next, or between and within walking 
intervals. 

Effect of Walking on Energy Requirement 
As mentioned earlier most estimations of how much walking 

could affect cattle energy requirement are derived from data of 
Ribeiro et al. (1977), who measured O2 consumption of 4 steers 
walking on a treadmill at speeds between 2 to 5 km hour-‘. They 
concluded that on the average the energy cost was 50 kcal.kni’.100 
kg BW-‘. However, Corbett et al. (1971) reported an energy cost of 
walking in 3 sheep walking at 1.5 km hour-r of is approximately 
half of Ribeiro’s estimation, (21,28, and 36 kcalkm~‘.lC0 kg BW-‘). 
In the present study the cost of walking was 9.0 and 16.4 kcal lan“.100 
kg BW-‘, on the level and on a 6% grade, respectively. A previous 
study from our lab (Mtndez et al. 1996) using this methodology 
showed an energy cost of steers walking at 3 km hour’ of approx- 
imately 16 kcal.kmr.100 kg BW-‘. 

Although data in the present study are the lowest reported in lit- 
erature, they agree well with estimations of Nicholson (1987) 
who calculated, from body weight loss, an energy cost of walking 

160 

140 

20 

0 

y = 84.4 + 9.0x; R2= 0.53 

1 1 2 3 4 5 

SPEED (km.h -l) 

Fig. 2: Energy expenditure (kcal.hour’.lOO kg SW-‘) of steers walk- 
ing on the level ground at different speeds. 
Empty square: day 1 in corral or walking at 1,2, or 4 km.hour’ 
Square with x: day 2 in corrals 
Filled square: After walking at 2 km.hour’ on the 6% grade 
Triangles: replicated samples during the 4 km walking interval 
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in zebu cattle of 11.4 kcal.km-I.100 kg BW-‘. This author 
assumed that the low energy cost of walking observed in his 
research could have been the result of a lower basal metabolic 
rate post-activity. However, our data indicate that the rate of CO, 
production after walking was similar and not lower than that pre- 
vious to the activity. Gemeda et al. (1995) also found minor dif- 
ferences in body weight losses and milk production between 
working and non-working cows, and Zerbini et al. (1995) report- 
ed that working increases the utilization of food energy in dairy 
cattle. In addition, Mulligan and Butterfield (1990) have reported 
that women who performed strenuous physical activity (54 km 
week-‘) maintained weight even that EE exceed intake by 645 
kcal day-‘. Data appears to indicate that walking in the open at a 
constant speed is a Iow energy-cost process possibly overestimat- 
ed in experiments carried out on treadmills. Zimmer (1995) 
pointed out that in walking humans 65% of the forward move- 
ments turns into kinetic energy which is transferred into the next 
step. Only the remaining 35% is lost and has to be made up by 
muscles converting food energy into kinetic energy. 

Results from the 14C turnover of the present experiment indi- 
cate that the extra cost required for travelling 6 km on the level 
ground at 9 kcal.km~‘.100 kg BW-’ is approximately 54 kcal.100 
kg BW-‘. This increase of EE represents, over a 24 hour period, 
3% above the 82.6 kcal hour-l.100 kg BW-’ observed in corrals 
[54/(82.6*24)). This estimation is in agreement with data of 
MCndez et al. (1996) who reported an increase of 4% in steers 
walking 6 km at 3 km hour’. Such small increment in EE could 
only have a minor effect on the energy requirement of grazing 
cattle. Therefore, the improvement of cattle production observed 
when pasture size is reduced, or additional watering points pro- 
vided, cannot be the result of the energy saved due to the reduc- 
tion of the distance travelled. It is more likely that such result 
could be the consequence of a better pasture management 
achieved by means of the proper stocking rate and even livestock 
distribution that assures more uniform grazing (Hart et al. 1993) 
and in consequence a higher level of nutrition. 

Conclusions 

The turnover of 14C indicates that walking at constant speed on 
open range is a low energy-cost process that requires approxi- 
mately 9 and 16 kcal.100 kg BW“ to travel 1 km, on the level 
ground and on a gradient, respectively. This estimate is much 
lower than currently used values of 45 to 60 kcal.100 kg BW“ 
derived from experiments on treadmills. This low cost of travel- 
ling may have a small or negligible impact on the energy require- 
ments of grazing cattle. Therefore, shortening the distance trav- 
elled by animals on pastoral systems does not seem to represent a 
saving of energy that per se could increase animal production. 
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Abstract 

Elk (Cervus elaphus) have been repeatedly observed to prefer 
rested units within rest-rotation grazing systems. Given the logis- 
tical and fmancial investments associated with the maintenance 
of these systems, elk herbivory within rested units is a potential 
source of conflict. Elk forage utilization was determined during 
the summers of 1994 and 1995 at the forest-grassland ecotone of 
3 rest-rotation grazing allotments in south-central Utah’s 
Fiihlake National Forest. Average phytomass within areas pro- 
tected from and subjected to elk herbivory was not statistically 
different in June and August 1994. Average phytomass within 
caged areas was greater (P < 0.20) than that within areas subject- 
ed to elk use in 2 of 3 rested units in June-July 1995 (14.1 and 
35.6% utilization) and August 1995 (34.7 and 42.0% utilization). 
June-to-August forage regrowth, however, was 31.3 and 33.0% 
greater in 1995 than in 1994 within caged and uncaged areas, 
respectively. 

Key Words: cattle, herbivory, forage regrowth 

Although elk (Cervus elqhus) herds were common in northern 
and south-central Utah prior to and during European settlement, 
unrestricted elk hunting facilitated the extirpation of most popula- 
tions by the early 20th century. From 1912 to 1925, elk from 
Yellowstone National Park were transplanted to several areas 
within Utah, including the Fishlake National Forest. In 1925, the 
Utah Board of Elk Control authorized the first elk hunting season 
in response to “deteriorating range conditions and agricultural 
damage problems” and to “cope with problems [associated with] 
the rapidly increasing elk herds” (Utah Division of Wildlife 
Resources 1994). Harvest data suggest elk populations increased 
consistently within Utah since 193 1. 

Rest-rotation grazing systems were developed in the late 
1950’s to counteract the harmful effects of selective herbivory 
(Hormay and Evanko 1958). These systems were proposed to 
restore plant vigor, and promote seed production and seedling 
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Resumen 

Se ha observado repetidamente que ciervos (Cervus elaphus) 
prefieren unidades de descanso dentro de 10s sistemas de pas- 
toreo rotativos. Dada la inversi6n logistica y fmanciera asociada 
al mantenimiento de estos sistemas, la herbivoria por parte de 
ciervos dentro de las unidades de descanso es una fuente poten- 
cial de conflicto. Durante 10s veranos de 1994 y 1995 se deter- 
mm6 la utilization de forraje por parte de ciervos en el ecoton 
bosque-graminea en 3 establecimientos de pastoreo rotativo ubi- 
cados en la parte surcentral de Bosque National Fishlake en 
Utah. En junio y Agosto de 1994, el promedio de Btomasa dentro 
de las areas protegidas o de las sometidas a herbivoria por parte 
de ciervos no result6 significativamente diferente. El promedio 
de Btomasa dentro de areas de clausura fue mayor (P < 0.20) que 
el promedio dentro de las areas sometidas al use por parte de 
ciervos en 2 de 3 unidades de descanso en Junio-Julio de 1995 
(14.1 y 35.6% de utilization) y en Agosto de 1995 (34.7 y 42.0% 
de utilization). No obstante, el rebrote de forraje de Junio a 
Agosto fuC 31.3 y 33.0% mayor en 1995 que en 1994 dentro de 
areas de clausura o sin clausura, respectivamente. 

establishment via periodic, season-long rest from cattle (Bos spp.) 
grazing (Hormay and Talbot 1961). Nonetheless, several investi- 
gators have noted elk preference for rested units within rest- 
rotaion grazing systems in Montana (Knowles and Campbell 
1981, Frisina 1992), Idaho (Yeo et al. 1993), and Utah (Clegg 
1994). Given the potential overlap of elk and cattle summer range 
diets (Ma&e 1978), Hot-may’s principles regarding the restora- 
tion of plant vigor via rest may be negated by elk herbivory with- 
in rested units. 

Because of the time and financial investments incurred by 
establishing a rest-rotation grazing system and the apparent 
increase in Utah’s elk populations, this research was designed to 
determine (1) the degree of elk forage utilization within rested 
units; and (2) the association between elk forage utilization and 
forage regrowth. 

Study Areas 

This study was conducted on 6 grazing units (i.e., pastures) 
within 3 rest-rotation grazing allotments on the Richfield Ranger 
District of the Fishlake National Forest (Sevier and Piute coun- 
ties, Utah). The Quitchupah allotment is about 10,350 ha and is a 
4-m& 4-treatment system. The Willow Creek (ca 6,475 ha) and 
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Table 1. Grazing schedules for sampled grazing units during the 1994 and 1995 grazing seasons. 

Allotment 

Koosharem 

Grazing Unit 

Koosharem Canyon 

Burnt Flat 

1994 grazing treatment 

rested 

grazed July-October 
(post-flowering) 

1995 grazing treatment 

grazed June-October 
(seasonal) 

grazed mid-Aug.-October 
(post-seedripe) 

Willow Creek 

Quitchupah 

Cove 

Ranger Pasture 

rested 

grazed July-October 
(post-flowering) 

grazed July-October 
(post flowering) 

rested 

Beaver Creek 

Skumpah 

rested 

grazed mid-Aug.-October 
(post seedripe) 

grazed July-October 
(pest-flowering) 

rested 

Koosharem (ca 14,250 ha) allotments are 5- and 6-unit, 4-treat- 
ment systems, respectively. All allotments are grazed by cattle 
from June to October. 

Grazing treatments include grazing after flowering and 
seedripening of dominant forage species, seasonal grazing (from 
June to October), and season-long rest (Table 1). Elk forage uti- 
lizaton within the Koosharem allotment was estimated for the 
Koosharem Canyon and Burnt Flat grazing units. The Burnt Flat 
unit was considered rested during the 1995 grazing season as all 
sampling was concluded prior to cattle entry. The Cove and 
Ranger Pasture units were sampled within the Willow Creek 
allotment, and the Beaver Creek and Skumpah units were sam- 
pled within Quitchupah allotment (Table 1). 

The dominant forest community types within the Fishlake 
National Forest include aspen (Populus tremuloides Michx.; 
Latin vegetation names from Welsh et al. 1993) and ross sedge 
(Carex rossii F. Boott) stands, occasionally codominated by sub- 
alpine fir (Abies lusiocurpa [Hook.] Nutt.) and mountain snow- 
berry (Symphoricarpos oreophilus Gray) in the overstory and 
shrub layers, respectively (Mueggler 1988). Parent materials 
associated with the Koosharem allotment are mainly from the 
Dry Hollow latite formation and Bullion Canyon volcanics, and 
vegetation is dominated by sagebrush (Artemisia spp. L.), aspen, 
Gambel oak (Quercus gambelii Nutt.), and various meadow 
types. While some grasses and shrubs exist in tree interspaces, 

most of the vegetation’within the Willow Creek and Quichupah 
grazing allotments is dominated by aspen communities (R.K. 
Tew, J.T. Lott, and T.M. Bliss, unpublished report, 1988). The 
Willow Creek allotment is further described by Julander and 
Jeffery (1964). The soils, vegetational communities, and land 
type associations for the Koosharem, Willow Creek, and 
Quichupah allotments have been described in detail by Werner 
(1996). 

Methods 

Elk Forage Utilization and Forage Regrowth 
Elk forage utilization was estimated by comparing the above- 

ground phytomass of grasses and forbs clipped within and outside 
each cage (i.e., the paired cage method; Bonham 1989). Averages 
of (caged-uncaged) phytomass differences and these differences 
relative to forage availability (i.e., percent utilization =[[caged- 
uncaged&aged] X 100) were used to quantify the degree of elk 
herbivory within rested units. 

By measuring phytomass differences between caged and 
uncaged microplots, forage utilization estimates were assumed to 
be attributable to elk herbivory. This assumption was supported 
using a l-m wide belt transect connecting paired plots to quantify 
the fecal remains of mammalian herbivores. Based on pellet 

Table 2. Mammalian herbivore pellet densities [pellets (x 103 per sq. m] for the Koosharem Canyon, Burnt Hat, Cove, Ranger Pasture, Beaver 
CreeL, and Skumpab grazing units during the 1994 and 1995 cattle-grazing seasons. 

Sample 

-- 
KC Jun. 94 
KC Aug. 94 
BF Jun.-Jul. 95 
BF Aug. 95 
C Jun. 94 
C Aug. 94 
RP Jun.-Jul. 95 
RI’ Aug. 95 
BC Jun. 94 
BC Aug. 94 
S Jun.-Jul. 95 
S Aug. 95 

Total 

ELK DEER LAGOMORPHS 
Old New Old New Old New 

--- ------------------- (Pellets ms2)- _ _ - - - _ - - - - - _ - - - - -- _ 
5.6 0 23.8 8.4 0 0 
5.6 2.8 25.3 1.4 1.4 1.4 

32.8 11.2 16.8 2.4 0 0 
22.3 2.2 16.4 1.5 0.7 0 

0 1.4 0 0 0 0 
2.6 3.9 5.3 2.6 1.3 0 
4.4 17.5 0 0 

z 
0 

5.5 5.5 4.1 1.4 0 
11.2 0 2.2 0 0 0 
21.4 0 3.9 5.8 0 0 

4.5 13.5 2.7 4.5 0 0 
4.2 0.8 3.4 0 0.8 0 

120.1 58.8 103.9 28.0 4.2 1.4 
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group densities, elk were found to be the most abundant, free- 
ranging herbivore adjacent to plots prior to sampling (Table 2). 

The sampling strata investigated in this study were defined as 
the 50-m interface, or ecotone, between forest and grassland vege- 
tational communities. Twenty plots were established between 
2,700 and 3,050 m (9,000 to 10,000 feet) elevation within 2 units 
for each of 3 grazing allotments. All data were collected during 
periods of non-use by livestock (i.e., prior to cattle grazing or dur- 
ing years of rest). Plots were sampled in June 1994 and June-July 
1995 for all 6 grazing units and in August of 1994 and 1995 for 
the 3 units rested from cattle herbivory during the sampling year. 

Within rested units, a plot consisted of 2 cages (each of 0.5 m* 
area) and their 2 uncaged counterparts. This aLlowed for sampling 
within each plot in both the June-July and August sampling peri- 
ods. Forage regrowth within rested units was determined by com- 
paring the phytomass of caged and uncaged microplots clipped in 
June-July and reclipped in August. 

Samples were clipped (to a l-cm stubble height) from a 0.4 m2 
microplot placed within caged and uncaged areas. Cages were 
returned after clipping and samples were dried (at 60” C for 12 
hours) and weighed to the nearest gram. Cages were moved a 
minimal distance between the 1994 and 1995 growing seasons to 
avoid floral ‘stagnation’ (Tueller and Tower 1979). 

Data Analyses 
Student’s t tests were used to examine the differences between 

means of (1) caged and uncaged above-ground phytomass; (2) 
spring phytomass during 1994 versus 1995; (3) phytomass differ- 
ences in June 1994 verses June-July 1995; and (4) caged and 
uncaged forage regrowth. All differences discussed are statistical- 
ly significant at the 5% level of probability unless otherwise 
noted. Nonlinear (i.e., polynomial) regression analyses were used 
to determine the association between average phytomass differ- 
ences and forage regrowth. 

120 

z 100 

1 00 00 

5” 

ho 

0 

maa cl q August 

8 -zooLKCM 
I 

WY cu* KPPY acea SW 

Grazing Unit (in m&d yaw) 

Fii. 1. Average phytomass differences (* SEM) between areas pro- 
tected from and subjected to elk herbivory within rested units (II = 
3) during the 1994 and 1995 cattle-grazing seasons. Phytomass dif- 
ferences were estimated within the Koosharem (KC = Koosharem 
Canyon grazing unit; BF = Burnt Flat), Willow Creek (C = Cove; 
BP = Banger Pasture), and Quichupah (BC = Beaver Creek; S = 
Skumpah) allotments in the Fiihlake National Forest (Richfield 
District). 

I 

KCS4 BF96 Co1 KPS6 SCM 896 

Grazing Unit (in m&ad year) 

Fig. 2, Average June-to-August forage regrowth (* SEhl) within 
caged and uncaged areas on the rested units of the Koosharem 
(KC = Koosharem Canyon grazing unit; BF = Burnt Flat), Willow 
Creek (C = Cove; RP = Ranger Pasture), and Quichupah (BC = 
Beaver Creek; S = Skumpah) allotments during the 1994 and 1995 
cattle-grazing seasons. 

Results 

Elk Forage Utilization 
The differences of average phytomass clipped within areas pro- 

tected from elk herbivory (i.e., caged) and subjected to elk use 
ranged from -80.0 to 2.5kg/ha and 142.5 to 610.0 kg/ha within 
units rested from cattle herbivory during June 1994 and 
June-July 1995, respectively (Fig. 1). Average phytomass differ- 
ences during the August sampling period ranged from -127.5 to 
67.5 kg/ha in 1994 and 187.5 to 1075.0 kg/ha in 1995. 

The average phytomass clipped within caged areas was greater 
than that within areas subjected to elk use in the Burnt Flat (P < 
0.20) and Ranger Pasture grazing units from June-July 1995 and 
within the Ranger Pasture and Skumpah units in August 1995. By 
making phytomass differences relative to forage availability, for- 
age utilization was 14.1 and 35.6% within the Burnt Flat and 
Ranger Pasture units, respectively, during June-July 1995. 
Forage utilization was 34.7% in the Ranger Pasture and 42.0% in 
the Skumpah unit during August 1995. 

Precipitation Trends and Forage Regrowth 
Annual precipitation data from 5 Natural Resource 

Conservation Service weather station facilities (located between 
2,400 and 3,000 m elevation) near all sampled units were used to 
interpret seasonal climatic variation. The 1995 grazing season 
began with a relatively wet spring (i.e., approximately 4.6 cm, or 
81% more precipitation than the 1957 to 1993 spring average). 
Average phytomass within tbe Burnt Flat, Ranger Pasture, Beaver 
Creek, and Skumpah grazing units was greater in June-July 1995 
than in June 1994. Average phytomass differences were greater in 
June-July 1995 than in June 1994 within the Koosharem Canyon, 
Burnt Flat, Cove (P < O.lO), Ranger Pasture, Beaver Creek, and 
Skumpah (P C 0.20) units (i.e., all sampled units). 

June-to-August forage regrowth was 31.3 and 33.0% greater in 
1995 than in 1994 within caged and uncaged areas, respectively 
(Fig. 2). Although the average June-to-August 1995 forage 
regrowth was greater in caged than uncaged areas on the 
Skumpah unit, trespass livestock within this unit may have con- 
founded this result. June-to-August forage regrowth within caged 
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Fii. 3. Average phytomass availability (& SEM) on the rested units of 
the Koosharem (KC = Koosharem Canyon grazing unit; BF - 
Burnt Flat), Wiiow Creek (C = Cove; RP a Ranger Pasture), and 
Quichupah (BC = Beaver Creek; S = Skumpah) allotments during 
the 1994 and 1995 cattle-grazing seasons. 

microplots was positively associated (r* = 0.46) with average 
spring phytomass differences in June 1994 and June-July 1995. 
Average phytomass differences for August 1994 and 1995 were 
also positively associated (3 = 0.47) with the June-to-August 
regrowth capacity within the same microplots. 

Discussion 

Elk Forage Utilization and Forage Regrowth 
The 1995 grazing season began with a late snow melt on the 

Koosharem, Willow Creek, and Quichupah allotments. Elk were 
observed on the spring-summer transitional range for about 3 
weeks longer in 1995 than during the spring of 1994. Prolonged 
elk use in the spring and the relatively high forage availability 
(Fig.3) may account for increased forage utilization during the 
1995 grazing season. Because trespass livestock were repeatedly 
observed within the Skumpah unit during the 1995 grazing sea- 
son, the forage utilization attributable to elk may have been over- 
estimated for this unit in August 1995. 

Although average phytomass within areas protected from her- 
bivory was greater than that within areas subjected to elk use in the 
Burnt Flat (P < 0.20) and Ranger Pasture grazing units from June- 
July 1995 and within the Ranger Pasture and Skumpah units in 
August of 1995, June-to-August forage regrowth was 81, 49, and 
55% within the Burnt Flat, Ranger Pasture, and Skumpah units, 
respectively. Thus, given the conditions necessary for regrowth, 
moderate defoliation during a wet season may not negate 
Hormay’s principles regarding the restoration of plant vigor and 
seedling establishment via rest (Hormay and Talbot 1961). 

Caldwell (1984) suggested that most photosynthetic carbon 
gain in plants occurs within a brief 2-month period in the spring 
when soil moisture and other photosyntehtic conditions are suffi- 
cient. Thus, the biological significance of elk herbivory within 
the rested units of the Koosharem, Willow Creek, and Quichupah 
rest-rotation grazing systems should be interpreted with respect to 
the regrowth capacity of these areas and the environmental condi- 
tions associated with plant defoliation responses. 

Defoliation Repsonses 
When considering plant requirements for ‘prudent grazing’, 

Caldwell (1984) suggested that foliage regrowth capacity 
depends on the availability of active meristemmatic tissue and the 
proportion of shoots and tillers with productive, photosynthetic 
foliage. Thus, defoliation responses depend on the intensity and 
timing, and environmental (e.g., moisture availability) and eco- 
logical conditions (e.g., the competitive environment) associated 
with the defoliation event (Trlica and Rittenhouse 1993, Briske 
and Richards 1994). 

Defoliation intensity may be greatly ameliorated by partial 
reductions in competition (Mueggler 1972, 1975). Mueggler 
(1975) found that heavy defoliation of Idaho fescue (Festuca ida- 
hoensis Elmer) and bluebunch wheatgrass [Elymus spicatus 
(Pursh) Gould] (75 and 50% herbage volume, respectively), 
paired with reduced competition, did not significantly reduce pro- 
duction in the first year post-clipping. Thus, the degree of elk her- 
bivory during the 1995 grazing season (i.e., 14 to 42% utilization) 
may not reduce the short-term production within these units pro- 
vided that interspecific competion is reduced via forage removal. 

Moderate clipping early or late in the growing season has been 
shown to modestly impact the survival and vigor of grasses and 
forbs (Mueggler 1967, McLean and Wikeem 1985). Pearson 
(1964) suggested that “range grasses harvested during the period 
between boot stage and seed maturity [do] not recover as well as 
those harvested either earlier or later than this period.” Flowering 
of dominant forage species typically occurs in July within the 
Koosharem, Willow Creek, and Quichupah allotments. Thus, the 
forage utilization observed during June (i.e., prior to the boot 
stage) in the Fishlake National Forest might be expected to have 
modest impacts on individual plant mortality, leaf height, tiller 
number, foliage yield, and flowering culm production (McLean 
and Wikeem 1985). 

Management Implications 
While forage utilization never exceeded the 50% ‘proper use 

factor’ prescribed by the U.S. Forest Service, it is unrealistic to 
assume that no elk forage utilization occurs within the rested 
units of our study areas. The degree of elk herbivory observed 
suggests that grazing management plans should address multiple, 
not individual, herbivore species. Moreover, by considering 
regrowth capacity and degree of herbivory, rangeland managers 
may better understand the ecological implications of herbivory 
relative to environmental and climatic variation. 

As elk within the Koosharem allotment were observed in units 
with concurrent cattle use from July 1993 to July 1995 (Werner 
and Umess 1996) the macrohabitat selection of these herbivores 
is apparently influenced by a benign, rather than a competitive 
relationship. Cattle and elk foraging site (i.e., microhabitat) selec- 
tion may be positively or negatively influenced by their interspe- 
cific interactions (Ma&e 1978). Thus, we hypothesize that mul- 
tiple species grazing management (e.g., elk and cattle) may be 
used to spatially distribute defoliation effects on individual plants 
and vegetational communities. 

According to Lonner and Mackie (1984), management of 
rangelands concurrently grazed by big game and livestock should 
be based on the allocation of area, not forage. Rested units of 
rest-rotation grazing systems provide the opportunity for spatial 
isolation among cohabitant herbivores. Thus, the Koosharem, 
Willow Creek, and Quichupah rest-rotation grazing systems may 
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provide an example of a “win-win” situation with respect to the 
economic, social, and political values associated with the range- 
land resources in the Fishlake National Forest. 
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Abstract 

Generalized linear mixed models were used to obtain best fin- 
ear unbiased predictions (BLUP’s) of herbivore preferences for 
range plant species from expert knowledge contained in range 
site descriptions produced by the USDA Soil Conservation 
Service (currently Natural Resources Conservation Service). A 
total of 4,558 assessments of preference for cattle, deer, goats, 
and sheep on 167 plant species were available from 55 range site 
descriptions for the Edwards Plateau (Texas). Consistency of 
predicted preferences was evaluated through intraclass correht- 
tion estimated by restricted maximum likelihood. Predictions in 
observed (3-level ordinal) and logit scales were very similar; 
rank correlations between predictions in different scales ranged 
from 0.994 (P < 0.0001) for cattle to 0.998 (P < 0.0001) for sheep. 
Estimated intraclass correlations were also high (0.74 to 0.84 in 
observed scale and 0.82 to 0.92 in logit scale) suggesting consis- 
tent rankings of plant species across range sites. Metric multidi- 
mensional scaling and principal components analysis showed dis- 
tinct patterns among the 4 herbivores. Grasses and browse were 
the most informative forage classes for discriminating prefer- 
ences among herbivores. Deer and cattle exhibited the least simi- 
lar diet preferences. Sheep and goats were intermediate, with 
sheep closer to cattle and goats most similar to deer. The pair 
deer-goat showed the most similar pattern of preferences. 
BLUP’s of plant species preferences showed good agreement with 
published research on both individual plant species and forage 
classes. Optimal properties of mixed model procedures can be 
exploited to predict animal preferences at the range site scale 
from standardiied expert opinion. These estimated preferences 
may be useful for modeling grazing effects at spatial scales com- 
patible with management decisions. 

Key Words: BLUP, expert knowledge, diet selection, forage class, 
generalixed linear mixed model, landscape scale 

Diet selection in herbivores is a complex function of species- 
and individual-specific preferences (Arnold 1981). Factors affect- 
ing diet selection include amounts of food on offer, and vegeta- 
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Resumen 

Se utilii6 conocimiento experto, contenido en descripciones de 
sitio producidas por el USDA Soil Conservation Service (en la 
actualidad Natural Resources Conservation Service), para pre- 
decir preferencias de herbivoros por diferentes especies vegetales 
aplicando optima predicci6n lineal htsesgada (OPLD mediite el 
ajuste de modelos lineales generaliidos mixtos. De 55 descrip 
ciones de sitio provenientes de1 Kdwards Plateau (Texas) se recu- 
peraron 4.558 evaluaciones de preferencias de vacunos, ciervos, 
cabras y ovinos para 167 especies vegetales. La consistencia de 
las preferencias predichas se evahtd media& correlacidn intra- 
clase calculada utilixando maxima verosimilitud restringida. Se 
obtuvieron predicciones similares en escala de observation (vari- 
able ordinal con 3 niveles) y escala logit; las correlaciones de 
rango entre predicciones en diferentes escalas variaron desde 
0,994 (P < 0,OOOl) para vacunos hasta 0,998 (P < 0,OOOl) para 
ovinos. Las estimaciones de correlation intraclase tambien 
fueron altas (de 0,74 a O&l en escahr de observacidn y de 082 a 
0,92 en escala logit) lo que sugiere un ordenamiento consistente 
de especies vegetales a traves de sitios. Un analisis de compo 
nentes y eoordenadas principales evidenci6 diferentes patrones 
entre 10s 4 herbivoros. Los pastos y el forraje leiioso aportaron el 
mayor contenido de information para discriminar entre her- 
bivoros. Ciervos y vacunos exhibieron las m&s disiiiles prefer- 
encias. Ovmos y cabras resultaron intermedios, apareciendo 10s 
ovinos mk cercanos a 10s vacunos y las cabras mL pr6ximas a 
10s ciervos. Cabras y ciervos conformaron el par con preferen- 
cias mPs similares. Las estimaciones de preferencias obtenidas 
media&e OPLI mostraron buen acuerdo con information previa 
sobre preferencias por especies vegetales y tipos de forraje. Las 
optimas propiedades de 10s procedimientos de modelo mixto 
pueden explotarse para predecir preferencias a eseala de paisaje 
a partir de conocimiento expert0 normalixado. Estas predic- 
ciones resultarian utiles para modelar efectos de1 pastoreo a 
escalas espaciales compatibles con la adoption de de&ones de 
manejo. 

tion dispersion patterns in time and space. Variables such as sea- 
son and physiological or life cycle stage of the plant species can 
also affect preference. Nonetheless, it can be hypothesized that 
most herbivores would exhibit consistent preferences, at least for 
some plant species or classes of forage, when the temporal and 
spatial scales permit the manifestation of such preferences. 
Selective grazing on preferred species, in turn, may be responsi- 
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ble for important shifts in range vegetation composition. Results 
from diet selection experiments are indicative of preference but 
are generally fragmentary, limited to local species assemblages, 
and obviously biased by the kinds, amounts, and distribution of 
forage on offer. 

Range site descriptions produced by the USDA Soil 
Conservation Service (currently NRCS, Natural Resources 
Conservation Service) usually contain summaries of expert opin- 
ion concerning animal preferences for range plant species. 
However, the preference status of any plant species within a 
region is assessed only in a few range sites, i.e., those in which 
the species occurs frequently. For this reason, direct comparisons 
among species are only possible within sub-sets of the regional 
plant species pool. This difficulty may be overcome if enough 
links can be established among different range sites. Links are 
provided by widespread plant species whose preference status has 
been assessed in many range sites. From a connected 2-way array 
of plant species across range sites it would be possible to produce 
a general ranking of plant species by statistically accounting for 
the effects of different range sites. This can be accomplished by 
using mixed model methodology to produce best linear unbiased 
predictions (BLLJP’s) of preferences (Henderson 1984). 

This study describes an application of generalized linear mixed 
model theory for unbalanced data to the problem of producing 
rankings of animal preferences for range plant species from 
expert assessments included in range site descriptions. The main 
objective of this work was to estimate preferences for range plant 
species at the temporal and spatial scales (i.e., landscape rather 
than individual plants) embedded in range site descriptions. A 
range site scale is temporally coarse enough to obscure seasonal 
shifts in preferences and spatially broad enough to reflect prefer- 
ences relevant to the size of management units. Such preferences 
may be key components for modeling the effect of grazing on 
many vegetation parameters at a spatial scale compatible with 
management decisions (Rodriguez Iglesias 1996). 

Materials and Methods 

Source of Data 
Data were compiled from range site descriptions produced by 

the USDA Soil Conservation Service (currently NRCS; Agency 
Manuals 1972-1976) for the Edwards Plateau, Texas. Most range 
site descriptions for the region contain lists of plant species clas- 
sified by preference for cattle, deer, goats, and sheep. Plant 
species are evaluated in an ordinal scale of grazing preference as 
primary (grazed first), secondary (second choice forage), or low 
value (rarely used or usually not accessible to grazers/ browsers). 
The procedure of expert opinion elicitation was informal and can 
be described as one in which many groups of knowledgeable 
Range Conservationists were consulted and produced opinion on 
preferences for 1 or more range sites. Expertise was not systemat- 
ically tested for accuracy or consistency. This procedure is differ- 
ent from the current approach at NRCS that involves the use of a 
“master list” of preferences from which preferences at the range 
site level are derived. 

A total of 167 plant species (or groups thereof, e.g., sedges), 
occurring in at least 3 different range sites, were considered for 
analysis. A checklist of common names was produced from the 
range site descriptions and examined for duplications and taxo- 
nomic consistency using published information for the region 

Checking for connectedness in a sparse array is necessary to 
ensure that the rank of the design matrix (i.e., the matrix that 
describes the structure of the problem in terms of how experi- 
mental units are arranged in the context of factors considered in 
the model) is correct. Intuitively, it will not make sense to com- 
pare plant species A with plant species B if no path can be estab- 
lished in the 2-way array when moving from A to B (or vice 
versa) through filled cells in the array. Consider the diagram in 
Figure 1. The arrows indicate one of the possible pathways con- 
necting species B and F. Applying the same procedure to the rest 
of possible combinations shows that E (with information limited 
to site 5) is the only disconnected species in the array. An equiva- 
lent approach is to record all possible pairs of comparisons and 
verify if some kind of chaining can be established through com- 
mon links. For the B-F example, B can be compared to C in site 
2, C can be compared to D in site 4, and D can be compared to F 
in site 3, which completes the chain. Connectedness between 
species across sites was verified (Weeks and Williams 1964) for 
each data set prior to analysis. For a 2-way classification (e.g., 
plant species by range sites) the procedure described by Weeks 
and Williams (1964) provides both necessary and sufficient con- 
ditions for connectedness. 

Statistical Models and BLUP 
Best Linear Unbiased Prediction (BLUP) methodology was 

developed in the animal breeding arena for the purpose of pre- 
dicting breeding values from unbalanced (usually incomplete) 
information gathered from management settings, as opposed to 
data coming from well-designed, balanced, experiments. The idea 

(Correl and Johnston 1970, Hatch et al. 1990). Total numbers of 
range site descriptions and plant species included in the data sets 
for each animal species are shown in Table 1. The number of 
plant species included in each preference list frequently differed 
for the 4 animal species within a range site. It averaged about 22 
plant species/ herbivore when plant species were constrained to 
have been assessed for preference in at least 3 different range 
sites (Table 1). 

Data Structure and Connectedness 
The information extracted from range site descriptions was 

arranged for analysis in 4 arrays (i.e., 1 for each animal species) 
of plant species by sites. As range site descriptions rarely includ- 
ed more than 40 plant species for any herbivore, data sets of plant 
species by sites were sparse with an average of 18.8% of filled 
cells (Table 1). 

Table 1. Description of the data sets compiled for cattle, dew, goats and 
sheep. 

Cattle Deer Goats Sheep 

Number of sites range 55 52 47 53 
Number of data 1,320 928 988 1,322 
Number of groups’ 115 113 115 129 
Mean number of 

groups’/range site 24.0 17.8 21.0 24.9 
Percentage of tilled cells 20.9 15.8 18.3 19.3 

‘Plant species, genus, or groups of plant species (e.g., sedges, cactii). 

Average 

Gal 

55 
4,558 

167 

22.3 
18.8 
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Sites 

1 2 3 4 5 

Fig. 1. Example of connectedness for a 6 X 5 array of species by sites. 
Crosses indicate cells that contain information. Arrows show a path 
connecting species B and F. 

behind predicting effects that would exhibit BLUP properties is 
quite simple, although the numeric computations can be exten- 
sive. Suppose that we want to compare the value of a series of 
household items. A simple approach would be to visit a number 
of stores and ask for the prices of those items. That would pro- 
vide us with a series of numbers (i.e., prices of items classified in 
an array of items by stores) that supposedly reflect 2 things: the 
“true” value of the items and the variability introduced by the 
pricing policies of different stores. We would probably be tempt- 
ed to take average prices across stores as valid estimates of the 
value of the items. However, it is also probable that we were not 
able to collect prices for every item at every store. In this latter 
case, the “average price approach” would be incorrect because of 
both different pricing policies in different stores and lack of 
information for certain items in certain stores. What we obviously 
need is some methodology that removes the effect of the stores 
and allow us to estimate the value of the items free from such an 
influence. This is exactly what BLUP methods do. 

Two related approaches were used to produce rankings of plant 
species according to preference for the 4 animal species. Both 
approaches are standard procedures for solving the analogous 
problem of predicting random genetic effects in animals when 
predictions involve removing fixed effects (Henderson 1984). In 
both approaches, in which sites were treated as fixed effects and 
plant species as random effects, generalized linear mixed models 
(GLMM) were used to explain variation in preferences. When 
linear models are formulated in compact matrix notation it 
becomes apparent that the only difference between a “regression” 
and an “analysis of variance” setting is the structure of the design 
matrix (see above). For this reason, regression and analysis of 
variance models are usually considered instances of what is 
known as “general linear model”. Error distributions in general 
linear models are usually assumed to be normal for inference pur- 
poses. Relaxing this latter constrain to include a family of expo- 

nential distributions (including binomial, Poisson, gamma, etc.) 
generates an even more inclusive kind of statistical models 
known as “generalized linear models” (Nelder and Wedderbum 
1972). At any level in this hierarchy, the model may contain fixed 
and/ or random effects. When both fixed and random effects are 
included we have a “mixed model”. In this latter case, a common 
goal is to estimate the realized value of the random effects (i.e., to 
“predict” the random effects) free from the constrains imposed by 
the fixed effects. When the prediction of random effects in a 
mixed model involves an error distribution other than normal, we 
call the resulting model a “generalized linear mixed model”. For 
our problem, GLMM solutions provide best (i.e., minimum pre- 
diction error variance) linear unbiased predictions (BLUP’s) for 
the random effects (i.e., plant species) given the statistical 
removal of fixed effects (i.e., range sites). When a normal error 
distribution holds, a BLUP approach maximizes the probability 
of producing a correct pair-wise ranking of random effects 
(Henderson 1984). A separate analysis was done for each animal 
species. Ranks derived from predictions from the 2 approaches 
were compared using Spearman’s rank correlation coefficient. 

In the first approach, the response variable preference was an 
ordinal scale with 3 levels (coded 1,2,3) corresponding to prima- 
ry, secondary, and low value forage. The MIXED procedure in 
SAS version 6.08 (SAS Institute Inc. 1989) was used to obtain 
BLUP’s of preference for each plant species. An estimate of the 
ratio between the variance of the random effects and the variance 
of the error term is necessary to derive BLUP solutions. Variance 
ratios were regarded as unknown and restricted maximum likeli- 
hood estimates (Patterson and Thompson 1971) of them were 
obtained from the same data sets. Intraclass correlations, which 
measure the strength of the association between different 
instances of the same random effects (i.e., plant species) across 
fixed effects (i.e., range site descriptions), were calculated using 
the estimated variances. In the framework of generalized linear 
models (McCullagh and Nelder 1989), this first approach is 
equivalent to fitting a linear mixed model with normal errors and 
identity link function. 

The second approach, based on Gilmour et al. (1987), assumes 
that preference is continuous on some underlying scale but is 
observed as classes separated by fixed thresholds. The GLMM 
setting used to solve the prediction problem is analogous to the 
model utilized in the first approach, except for the use of a multi- 
nomial error distribution and probit or logit link functions. 
Random effects are predicted using quasi-likelihood solutions for 
the fixed effects. More detailed descriptions of this second 
approach can be found in Gilmour et al. (1987) and Meuwissen et 
al. (1995). Our analysis was implemented in logit scale with the 
response variable coded as multinomial, i.e., 3 dummy variables 
were used instead of the single-variable ordinal coding. The max- 
imum likelihood routines implemented in REG (Gilmour 1985) 
version 94.10 were used for calculations. For the interested read- 
er, Robinson (1991) offers an excellent review on BLUP theory 
and current applications including Kalman filtering, credibility 
theory, kriging, small-area estimation, quality measurement, and 
noise removal from images. 

Preference Comparisons Among Animal Species 
Similarities in preference among animal species were studied 

for both individual plant species and classes of forage (grasses, 
forbs, browse, and others) using principal components analysis of 
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the correlation matrix and metric multidimensional scaling (also 
known as principal coordinate analysis) of distance matrices 
derived from correlations. The princomp and cmdscale functions 
in S-Plus version 3.2 (Statistical Sciences Inc. 1993) were used 
for these analyses, respectively. 

Comparisons with Published Data 
For all 4 animal species, preference rankings for forage classes 

(grasses, forbs, browse, and others) were generated from best lin- 
ear unbiased predictions for individual plant species and com- 
pared to previously published data for the region (Bryant et al. 
1979, Rector 1983) to examine consistency and agreement. For 
deer preferences, published information (Armstrong 1991) 
allowed comparisons to be performed on an individual plant 
species basis. 

Results and Discussion 

Preference data extracted from the range site descriptions for 
this study are of a non-experimental nature. This imposes limita- 
tions on the type and quality of inferences that can be generated. 
Any bias or relative weighting embedded into those descriptions 
is not observable and, consequently, cannot be accounted for. In 
particular, it is likely that some correlation among random effects 
(i.e., plant species) was introduced due to the non-independent 
nature of the expert opinion elicited at different range sites. In 
statistical terms, the covariance matrix of random effects is no 
longer diagonal as it is assumed in the analyses performed. Given 
these limitations, this BLUP application should be considered a 
meta-analysis (Hunter et al. 1982; see also Stram 1996 for a 
description on the use of mixed-effects models for me&analysis 
of published data) of information that was compiled and summa- 
rized in a comparable way for the same animal and plant species 
in different environments. Optimal properties of BLUP method- 
ology (Henderson 1984, Gilmour et al. 1987, Thompson 1990) 
guarantee the generation of the best (in the sense of least vari- 
able) predictions possible, given the data. However, results 
should be considered with caution for 2 main reasons. Firstly, 
because they strictly apply to some property of plant species 
(attractiveness as a source of food) that was evaluated by experts 
at the landscape scale rather than experimentally estimated. 
Secondly, because the nature of the expert elicitation process was 
not systematic and can not be accounted for to remove possible 
correlation structures induced. 

High intraclass correlations were estimated in both observed 
and logit scales. They ranged from 0.74 (sheep data set) to 0.84 
(cattle data set) in the observed scale and from 0.82 (sheep data 
set) to 0.92 (cattle data set) in the logit scale. These results indi- 
cate a highly consistent ranking of species across sites; i.e., plant 
species tended to repeat their relative order across range sites 
independent of any range site effect. In the minds of the experts 
that produced the range site descriptions, animal preferences at 
the range site scale are only slightly affected by particular botani- 
cal compositions or any other attribute used to characterize differ- 
ent range sites. Rankings of plant species preferences in the range 
site descriptions changed from site to site according to the partic- 
ular local plant assemblage. Yet, general rankings were consis- 
tent, with only very minor exceptions. If species A was more pre- 
ferred than species B in a given site, it was also equally or more 
preferred than species B in the rest of the sites. This condition is 

required to hypothesize any general preference ranking of plant 
species and is satisfied in these range site descriptions. As indi- 
cated above, however, high intraclass correlations may have been 
induced in part by non-independence of the expert sources. The 
fewer the number of experts consulted and the larger the overlap- 
ping of opinions across sites, the higher the upward bias that may 
be expected. 

BLUP Prediction of Preferences 
Predicted random effects, and consequently preference ranks of 

plant species in observed and logit scales, were similar for each 
of the 4 animal species. Correlations between ranks in both scales 
were very high, ranging from 0.994 (P < 0.0001) for cattle to 
0.998 (P < 0.0001) for sheep. Despite this general agreement, 
there were some shifts in the relative rankings of individual 
species. The average number of position shifts in the ranked lists 
was 1.6 + 0.46 (mean * standard deviation), 1.7 + 0.47, 1.4 + 
0.46, and 1.4 f 0.46 for cattle, deer, goats, and sheep, with 
extreme shifts involving 8,8,7, and 8 positions, respectively. The 
significance of these shifts in ranking depends on which approach 
is considered more appropriate for the problem and on the impor- 
tance of those individual shifts. As the intraclass correlation 
increases, the advantage of predicting random effects in some 
underlying scale tends to disappear (Gilmour et al. 1987) because 
both sets of solutions tend to converge. However, the multinomial 
nature of the response still suggests the convenience of predicting 
random effects directly on the underlying scale to better satisfy 
the distributional assumptions (Gilmour et al. 1985, 1987). 
Preference rankings for individual species (or groups of species) 
determined from predictions in logit scale are shown in Table 2. 
These rankings (as well as the original predictions) should be 
interpreted as general indicators for grazing preferences at a land- 
scape scale. They may have various applications in management 
and modeling for representing the expected grazing impact of dif- 
ferent herbivores, anticipating grazing-induced vegetation trends, 
etc. Compare, for example (Table 2), the preference rankings of 
yellow indiangrass (Sorghastrum nutans (L.) Nash) (ranked in 
first place for cattle, moderately preferred by sheep and goats, 
and of low preference for deer) to those for bundleflower species 
(Desmanthus spp. Willd.) and velvet bundleflower (0. velutinus 
Scheele) (highly preferred by sheep and goats, preferred by deer, 
but only mid-ranking for cattle preference). 

Preference Comparisons Among Animal Species 
Principal components were extracted from a data set of 66 plant 

species with complete preference predictions for the 4 animal 
species (Table 2). Figure 2 is a biplot (Gabriel 1971, Gower and 
Hand 1996) that summarizes the most relevant information rela- 
tive to the original variables (animal preferences represented by 
arrows oriented toward increased preference) and the transformed 
observations (principal component scores for the 66 plant 
species). The first principal component (which accounted for 78 
% of the variability in preference) can be interpreted as a general 
axis that summarizes common preferences exhibited by the 4 ani- 
mal species. Distribution of plant species along this first axis 
ranged from those highly preferred by all 4 herbivores (right 
extreme) to those generally rejected by any of the 4 animal 
species (left extreme). Plant species tended to cluster at both 
extremes of the distribution. This bimodal marginal distribution 
of principal component scores Suggests a general preference for 
certain species with consistently low rankings (i.e., high prefer- 
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Table 2. Ranks from best linear unbiased predictions in logit scale. Under ID beading, F, G, B, and 0, stand for forb, grass, browse, and other, respec- 
tively. N indicates number of data for cattle (C), deer (D), goats (G), and sheep (S). 

N Ranks in Loeit Scale 
ID Scientific Name Common Name C D G S C D G S 

F 001 
B 002 
B 003 
B 004 
B 005 
B 006 

F 007 
F 008 
G 009 
G 010 
G 011 
G 012 

G 013 
G 014 
F 01.5 
F 016 
F 017 
B 018 
B 019 
G 020 
G 021 

G 022 

G 023 

G 024 

G 025 

G 026 
G 027 
G 028 

G 029 
G 030 
G 031 
B 032 

0 033 
0 034 
B 035 
B 036 
B 037 
G 038 
0 039 
B 040 
B 041 
F 042 
F 043 
0 044 
B 045 
F 046 
0 047 
G 048 
F 049 
F 050 
G 051 
G 052 
B 0.53 
F 054 
G 055 
G 056 

AbuMonfruticosum Pen. & Rich. Indianmallow 
Guajillo 8 7 
Catclaw acacia 10 20 
Blackbrush 3 3 
Lechuguilla 6 3 

Acacia berkmdieri Benth. 
Acacia greggii Gray var. greggii 
Acacia rigid& Benth. 
Agave lechuguilla Torr. 
Aloysia grarissima (Gill. & Hook.) Troncoso var. 

grurissima 
Ambrosia artemisiifolia L. 
Ambrosia cumanensis Kunth 
Andropogon gerardii Vitman var. gerardii 
Andropogon ten&us Michx. 
Aristidu L. 
Aristida purpurea Nun. var. longiseta (Steud.) 

Vasey 
Arisrida purpurea Nutt. var. purpurea 
Ariskfa purpurea Nutt. var. wrighlii (Nash) Allred 
Artemisia L. 
Artemisia ludoviciana Nutt. 
Aster ericoiaks L. 
Atriplex canescens (Pursh) Nutt. 
Bemardia myricifolia (Scheele) S. Wats. 
Blepharoneuron Wicholepis (Torr.) Nash 
Borhriochloa barbinodis (Lag.) 

Herter var. barbinodis 
Bothriochloa barbinodis (Lag.) Herter var. 

perforara (Fouxn.) Gould 
Bothriochloa Iaguroides (DC.) Herter ssp. 

torwyunu (Steud.) Allred & Gould 
Bouteloua curtipendula (tichx.) Torr. var. 

caespirosa Gould & Kapadia 
Boureluoa curtipendula (Michx.) Torr. var. 

curtipendula 
Bouteloua eriopodn (Torr.) Torr. 
Boureloua hirsura Lag. 
Bouteloua rigidisera (Steud.) A.S. Hitchc. var. 

rigidiseta 
Boureloua @ida Thurb. 
Bromus unioloides Kunth 
Buchloe dactyloides (NW.) Engelm 
Bunrelia kmuainosa &Ii&x.) Pers. var. 

oblongifolia-(Nutt.) ‘Clarke 
Calylophus serrularuS (Nutt.) Raven 
Carex L. 
Curya illinoensis (Wang.) K. Koch 
Celtis kzeviguru Willd. 
Cercis canadensis L. 
Chloris cucullata Bisch. 
Clematis drummo ndii T. & G. 
Colubrina texensis (T. & G.) Gray 
Condalia Cav. 
Croton L. 
Croton rexensis (Klotzch) Muell. Arg. 
Dalea L. 
Dalea formosa Tort-. 
Dalea lasiarhera Gray 
Dasylirion Zucc. 
DasyochloupulchelZa (Kunth in H.B.K.) 
Desmanthus Willd. 
Desmanrhus velutinus Scheele 
Digitaria culifornica (Benth.) Henr. 
DigSaria cognata (Schult.) Pilger 
Diospyros iexana Scheele 
Engebnannia pinnatifida Nutt. 
Elymus canadensis L. var. canadensis 
Elyrrigiu smithii (Rydh.) Nevski 

I Rydb. 

Texas per&non 12 
Engelmann daisy 29 
Camda wildrye 21 
Westemwheatgrass 3 

Whitebrush 
Ragweed 
Western ragweed 
Big bluestem 
Feather bluestem 
Thmeawns 

Red threeawn 
Purple threeawn 
Wright threeawn 
Sagewort 
Mexican sagewort 
Heath aster 
Founving saltbush 
Brush m$tlecroton 
Hairy dropseed 

Cane bluestem 

Pinhole bluestem 

Silver bluestem 

Sideoats grama 

Tall grama 
Black grama 
Hairy- 

Texas grama 
Red grama 
Rescue grass 
Buffalo grass 

Bumelia 
Halfshruh sundrop 
Sedges 
PeCaIl 
Sugar hackberry 
Redbud 

5 

6 

Hooded windmillgmss 
Texas virginsbower 
Texas colubrina 
Condalia 
Croton 
Texas croton 
Dalea 
Feather dalea 
Purple dalea 
Sot01 
Fluffgrass 
Bundleflower 
Velvet bundleflower 

3 
12 

3 
9 
6 

Arizona cottontop 21 
Fall witchmass 33 

4 

5 
9 

14 
38 

27 

13 

20 

55 

6 
16 

20 
31 

41 

10 

17 

7 
11 

59 
107 

99 
109 

46 
75 
70 
86 

68 
36 
85 
47 

57 
99 

7 126 

6 

: 
7 

20 
3 

3 

3 
6 
4 
6 

15 
38 

94 

89 
2 

21 
69 

79 
100 

85 
49 

4.5 

94.5 

73 
103 
92 
40 
93 

100 
94 
92 
21 
28 
90 

6 8 
10 7 

5 6 
6 4 
6 6 

100 
77 
65 
35 
29 
22 
36 
15 
43 

36 27 
43 13 
48 44 
22 32 
10 20 

105 
96 
16 

3 
41 
64 
35 
70 

4 14 19 

3 7 

25 

31 

69 62 58 

66 53 

4 8 12 47 113 79 72 

12 33 53 12 64 43 20 

4 4 

3 
6 

13 
52 
71 90 102 

59 
45 
87 

13 14 84 99 97 
14 33 106 108 117 

4 
7 23 37 49 

54 
92 59 39 

8 
3 

10 

6 6 2 78 

28 
3 

9 7 
3 3 

21 16 

51 

34 
12 
74 

38 7 
41 

72 56 
75.5 98 

7 38 

4 57 62 
3 48 

4 
10 

3 
4 

12 
3 

4 

13 
4 

13 
15 

28 
9 

10 
11 

4 
13 

4 110 
8 105 

86 
90 
95 
25 

110 
125 

4 

3 
16 

3 

102 
42 

82 
71 

108 
107 

13 
15 

78 81 

93 
31 

123 

12 10 
3 5 
6 16 
8 27 

12 14 
23 36 

9 10 

115 
33 
50 
20 
48 
90 

8 
3 

13 

20 
9 

65 
91 
30 
56 

11 5 
4 4 

49 22 
64 50 
88 122 
10 1 
42 12 
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Table 2. Continued. 

ID Scientific Name 
N Ranks in Loeit Scale 

Common Name C D G S C D G S 

B 057 
B 058 
G 059 
G 060 
G 061 
G 062 
G 063 
0 064 
G 065 
F 066 
F 067 
F 068 
B 069 
B 070 
B 071 
F 072 
B 073 
0 074 
F 075 
F 076 
G 077 
G 078 
G 079 
F 080 
F 081 
F 082 

Ephedra L. 
Ephedra antisyphilitica CA. Meyer 
Eragrostis curtipedicellata Buckl. 
Eragrostis intermedia A.S. Hitchc. 
Eragrostispalmeri S. Wats. 
Eragrostis trichodes (NW.) Wood 
Eriochloa sericea (Scheele) MUNO 
Eriogonum longifolium Nutt. 
Erioneuron pilosum (Buckl.) Nash 
Erodium Soland. 
Euphorbia L. 
Ever Gaertn. 
Eysenhardtia texana Scheele 
Fluorensia cernua DC. 
Forestiera pubescens Nutt. 
Gaura L. 
Guaiacum angustifolium Engelm. 
Gutierreziu sarothrue (Pursh) Britt. & Rusby 
Helenium L. 
Helianthus maximiliani Schrad. 
Heteropogon contortus (L.) Beauv. 
Hilaria belangeri (Steud.) Nash 
Hilariu mutica (Buckl.) Benth. 
Hymenopappus tenutfolius Pursh 
Hymenoxis odorata DC. 
huiigofera miniata Ort. var. leptosepala (Nutt.) 

B. Turner 
Jatropha dioicu Cetv. vat. dioica 
Juglarts L. 
Juniperus L. 
Juniperus ashei Buchholz 
Krameria lanceolata Torr. 
Krameria pauciflora Benth. 
Larreu tridentata (DC.) Cov. 
Leptochloa dubia (Kunth) Nees 
Leucophyllumfnrtescens (Bed.) I.M. Johnst. 
Liatris punctata Hook. var. punctata 
Lonicera albtflora T. & G. 
Lycium L. 
Mahonia trifolioluta (Moric.) Fedde 
Malva neglecta Wallr. 
Menodora H. & B. 
Mimosa biuncifera Benth. 
Muhlenberghia nrenacea (Buckl.) A.S. Hitchc. 
Muhlenberghia arenicola Buckl. 
Muhlenberghia lindheimeri A.S. Hitchc. 
Muhlenberghia porteri Scribn. 
Nolina texana S. Wats. 
Oenothera speciosa Nutt. 
Opuntia leptocaulis DC. 
Opuntia lindheimeri Engelm. var. lindheimeti 
Panicum hallii Vasey var. h&ii 
Panicum obtusum Kunth 
Panicum virgatum L. 
Phyllanthuspolygonoides Spreng. 
Plantago L. 
Poa L. 
Prosopis glandulosa Torr. var. glandulosa 
Psoralidium tenuiflorum (Pursh) Rydb. 
Quercus L. 
Quercus buckleyi Nixon & Dorr 
Quercus pungens Liebm. 

Ephedra 7 
Vine ephedra 6 
Gummy lovegrass 3 
Plains lovegrass 17 
Rio Grande lovegrass 3 
Sand lovegrass 4 
Texas cupgrass 16 
Wild buckwheat 
Hairy tridens 24 
Filaree 3 
Euphorbia _- 
EVax 
Texas kidneywood 10 
Tarbush 3 
Elhowbush 4 
Gaum 8 
Guayacan 3 
Broom snakeweed - 
Sneezeweed 
Maximilian sunflower 4 
Tanglehead 4 
Clmmoncudy~ 28 
Tohosagrass 9 
Chalkhill woolly-white - 
Western bitterweed 

11 5 9 
6 6 6 

29 19 47 
26 24 23 

7 19 

55 
27 
85 

7 
18 

6 
9 

37 19 

5 
3 

11 
36 

61 40 
3 60 

13 
3 
3 

26 104 
4 40 51 

45 

97 95 
30 

19 
3 

10 
19 

3 
5 
3 
4 

4 
19 

4 
9 

10 
3 
5 
4 
3 

23 
112 

76 
39 
64 

2 
105 

25 
19 
31 
77 

101 
57 

3 

12 
4 
3 

6 
14 

4 
6 

16 
3 
8 
4 
4 
4 

26 
9 
3 
4 

16 
17 
54 
56 

21 

110 - 124 
8 15 

82 104 
35 83 
18 17 
29 68 

111 101 
96 107 

1 2 
71 

80 80 
113 89 

21 11 
- 103 

B 083 
B 084 
B 085 
B 086 
F 087 
B 088 
B 089 
G 090 
B 091 
F 092 
B 093 
B 094 
B 095 
F 096 
0 097 
B 098 
G 099 
G 100 
G 101 
G 102 
0 103 
F 104 
B 105 
B 106 
G 107 
G 108 
G 109 
0 110 
F 111 
G 112 
B 113 
F 114 
B 115 
B 116 
B 117 

Western indigo 
Leatherstem 
Walnut 
Juniper 
Ashe juniper 
Trailing ratany 
Range ratany 
Crwsotebush 
Green sprangletop 
Cenizo 
Dotted gayfeather 
Honeysuckle 
w01tberry 
Agarito 
Common mallow 
Menodora 
Catclaw mimosa 
Ear muhly 
Sand muhly 
Lindheimer muhly 
Bush muhly 
Sacahuista 
Evening primrose 
Tasajillo 
Texas pricklypear 
Halls panicum 
Vine mesquite 
Switchgrass 
Knotweed leafflower 
Plantain 
Bluegrass 
Honey mesquite 
Scurfpea 
Oak 
Texas red oak 
Sandpaper/ 

Vasey shin oak 
Post oak 
Live oak 
Prairie coneflower 
Sumac 
Skunkbush sumac 

3 
3 3 

3 
9 
6 
5 
3 
4 

10 
6 

4 
39 
98 

5 
7 
5 
3 
3 

23 
5 
3 

12 
7 
7 
4 
5 

6 
7 
4 
4 
6 

15 
6 
3 
3 

92 
95 
30 
62 

114 
5 

111 
72 

97 
IO4 

42 
50 

110 

6 

5 

10 
6 
5 

88 

3 

10 
4 
3 
3 

46 

73 
47 

1 
81 
93 
18 
38 

100 121 
75.5 - 

91 119 
101 112 

45 34 
22 77 

115 129 
46 14 
65 81 

51 
6 33 

83 115 
58 6 
26 32 
60 - 

3 
3 

103 
68 

12 
3 
3 
5 

11 
16 
30 

6 

3 
10 

7 
6 
9 

3 

3 
4 
8 

14 
3 

18 

8 
3 

8 

5 
4 

12 
8 

25 
4 
8 

28 
73 
44 
87 
91 
70 
26 
11 

16 
103 

96 

84 

5 
23 

- 102 
26 

94 - 
31 27 
98 116 

107 120 
69 86 
67 49 

65 
28 18 

4 
20 

11 

4 
4 

17 

5 

14 
3 
5 
7 

11 

5 
5 

3 
17 

3 
8 
3 

19 
101 

78 

112 
44 
55 

3 

9 
106 118 

69 
52 88 
16 84 

B 118 
B 119 
F 120 
3 121 
B 122 

Quercus stellata Wang. 
Quercus virginiana Mill. 
Ratibida Raf. 
Rhus L. 
Rhus aromatica Ait. var.Jabelliformis Shinners 

10 9 
6 7 

30 26 
3 3 
7 6 
4 4 

5 
6 

20 
4 

74 
83 
67 

93 

37 9 75 
72 50 114 
61 30 79 
87 87 91 
58 39 - 
14 14 

24 JOURNAL OF RANGE MANAGEMENT 51(l), January 1998 



Table 2. Continued. 

-- 
N anks in Lo& Scale R 

ID Scientific Name Common Name C D G S C D G S 

B 123 
B 124 
B 125 
F 126 
F 127 
F 128 
F 129 
B 130 
G 131 
G 132 

F 133 
F 134 

135 
G 136 
G 137 
G 138 
F 139 
F 140 
F 141 
F 142 
B 143 
B 144 
G 145 
G 146 
G 147 

G 148 
G 149 
F 150 
0 151 

G 152 
G 153 
G 154 
B 155 
B 156 
B 157 
F 158 
B 159 
B 160 
B 161 
F 162 
G 163 
B 164 
G 165 
0 166 
B 167 

Rhus copallina L. 
Rhus microphylla Engelm. 
Rhus virens Lindh. spp. virens 
Rhynchosia LOUI. 
Rudbekia L. 
Salvia aeurea Lam. 
Salvia coccinea Buchoz 
Schaefferia cuneifolia Gray 
Sched~nnardus pmziculatui (Nutt.) 
Schizachyrium scoparium (Michx.) Nash var. 

fiequeni (C.E. Hibb.) Gould 
Schrankia Willd. 
Schrankia nuttallii (Britt. & Rose) Standl. 
Scleropogon brevifolius Phil. 
Setaria macrostachya Kunth 
Setaria reverchonii (Vasey) Pilger 
Setaria scheelei (Steud.) A.S. Hitchc. 
s&l L. 
Sida rhombifolia L. 
Simsia calva (Engelm. & Gray) Gray 
Siphonoglossa pilosella (Nees) Torr. 
Smilax rohmdifolia L. 
Sophora secundifrora (OK) DC. 
Sorghastncm nutans (L.) Nash 
Sporobolus asper (Michx) Kunth var. asper 
Sporobofus asper (Michx) Kunth var. 

drummondi (Trin.) Vasey 
Sporobolus cryptandn4.s (Torr.) Gray 
Sripa leucorricha Trin. & Rupr. 
Thelespenna Less. 
Tiquilia canescens (DC.) A. Richards. var. 

canescens 
Tridens albescens (Vasey) Woot. & Standl. 
Tridens muticus (Torr.) Nash var. muticus 
Tridens texcnus (S. Wats.) Nash 
Ulmus L. 

Zizyphus obrusifolia (T. & G.) Gray var. obtusifolia 

Viguiera srenoloba Blake 
Viris mustangensis Buckl. 
Wedelia hispida H.B.K. 
Yucca L. 

ZanUwxylum clava-herculis L. 

Rameleaf sumac - 
Little leaf sumac - 
Evergreen sumac - 
Snoutbean 
Coneflower 5 
Blue sage 
Texas sage 
Desert yaupon 
Tumblegrass 7 

Little bluestem 30 
Sensitive briar 13 
Catclaw sensitive briar - 
Burrograss 5 
Plains bristlegrass 19 
Reverchon bristlegras 6 
solltb-b 7 
Sida 
Arrowleaf sida 
Bush sunflower 28 
Hairy tubetongue - 
Common greenbriar 7 
Mescal bean 4 
Yellow indiangrass 22 
Tail dropseed 12 

Meadow dropseed 11 
Sand dropseed 8 
Texas wintergrass 36 
Greenthread 

Lotebush 3 
Annual forbs 43 
Ammal grasses 20 
Cactii 12 
Perennial grasses - 
Perennial legumes - 
Woodies 4 

Gray coldenia 
White tridens 15 
Slim tridens 24 
Texas tridens 
Elm 4 
Skeleton golden-eye 7 
Mustang grape 
Orange zexmenia 21 
Yucca 3 
Pricklyash 

6 
15 

3 

3 
5 

25 
4 

16 
6 
5 

27 
4 

11 
8 
5 

30 
5 
5 
4 

45 
7 

13 
48 

3 

26 

8 

23 

8 
6 

24 
3 
4 
5 

35 
11 
10 
17 

28 
11 

3 
4 

15 
4 

34 
3 
8 
4 

20 
12 

7 
6 

31 
3 

7 
9 

17 
3 
6 
7 
3 

32 

81 

96 

4 
45 

__ 
79 
24 
58 
14 

63 
86 

1 
37 

41 
61 
34 

32 
53 

60 
108 

98 
97 
80 

113 

82 

52 
76 
62 

111 

28 

89 
6 

24 

40 
59 

4 
11 
17 

102 
83 

66 
68 

99 

33 
35 
53 
63 
88 
67 
80 

8 
32 

106 
109 

27 

12 - 

57 - 
8 

104 109 
24 
82 

34 - 
- 111 

56 48 
5 13 

29 
109 113 

33 25 
66 

17 - 
55 - 

23 10 
7 

3 63 
105 106 

54 54 
74 74 

71 61 
85 

41 37 
52 

114 128 
84 60 

76 
43 

15 73 
38 55 

42 
51 44 
89 - 
63 - 
78 108 
53 46 
70 67 

112 127 
77 - 

ence) by all 4 animal species (e.g., F141 Bush sunflower [Simsia 
calva (Engelm. & Gray) Gray], F054 Engelmann daisy 
[Engelmannia pinnatifida Nutt.], F076 Maximilian sunflower 
[Helianthus maximiliani Schrad.], B069 Texas kidneywood 
[Eysenhardtia texana Scheele]) and general rejection of other 
plant species (e.g., B089 Creosotebush [Larrea tridentata (DC.) 
Cov.], B164 Cactii, F127 Coneflower [Rudbekia L.], B070 
Tarbush [Fluorensia cemuu DC.] ) which ranked consistently 
high (i.e., low preference) for all 4 herbivores. Common prefer- 
ences may be important in determining the fate of some highly 
preferred species that would experience heavy grazing pressure 
under any possible combination of herbivores. The second axis 
(accounting for an additional 19 % of total variability) clearly 
separated grasses (mostly in the upper portion, except for the 
group of annual grasses [G163]) from woody species (mostly in 
the lower portion). 

The length of the arrows in Fig. 2 indicates the proportion of 
variance in each variable that is explained by the fast 2 principal 
components; inclination of the arrows is proportional to the load- 
ings for each variable (i.e., to the weight that each variable 
receives in the formulation of the principal component). Thus, 
extracted variability was higher for cattle and goats than for deer 
and sheep. Animal species with larger loadings have more influ- 
ence in determining the distribution of individual plant species in 
the 2-dimensional space of preferences shown in Fig. 2. Looking 
at the orientation of the arrows it is clear that 1) there were com- 
mon general preferences among the 4 herbivores because all 
arrows have positive projections on the first axis, 2) cattle and 
deer exhibited the most dissimilar preferences while sheep and 
goats were intermediate, and 3) deer and goats form the pair with 
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DIMENSION 1 
Fig. 2. Biplot of variables and principal component scores. Plant species are identified as grasses (GJ, forbs (FJ, woody plants (WJ, and others (0-j. 

Species ID codes are from Table 2 . Arrows point toward increased preferences. Length and incliition of arrows are proportional to variance 
explained and loading, respectively, for each variable (La, predicted preference for cattle (C), deer (D), goats (G), and sheep (S), respectively). To 
improve visuakation, different scaling factors (compare top-right vs. bottom-left) are used for species and variables. 

most similar preferences. The projection of the arrows on the sec- 
ond grass-browse axis suggests that cattle and sheep preferences 
tend to increase in the same direction in which deer and goat 
preferences decrease. In other words, after accounting for general 
preferences that favor certain plant species, cattle and sheep will 
tend to prefer grasses while deer and goats will tend to prefer 
woody plants. 

Rank correlations between preferences for plant species classi- 
fied by forage classes were highly significant for most pairs of 
animal species (Table 3). Correlations involving deer and grasses 
tended to be lower than the rest, or in other words, preferences 
for individual grass species were least similar when comparisons 
involved deer (Table 3). Estimated values for rank correlations 
calculated for pairs of herbivores when all plant species were 
included (Table 3) were also highly significant (P < 0.0001). 
Similar preferences across animal species have been observed 
before for classes of forage, species, and sex within species in 
dioecious plants (Straka 1993). 

Correlations measure similarity in preferences among animal 
species; the complements of these correlations (i.e., l-correlation) 
can be interpreted as linear distances using metric multidimen- 
sional scaling. The first 2 principal components extracted 
accounted for 97 % of total variation in preferences. Thus, multi- 
dimensional scaling in 2 dimensions was applied to each forage 
class and to the whole set of plant species (Fig. 3). Similar pat- 
terns were observed for the 3 groups of plant species. Cattle and 
deer always showed up in extreme positions. Sheep and goats 
were either intermediate or closer to one or the other extreme (or 
to each other) depending upon the forage class considered. 
Similarities among herbivores when all plant species were con- 
sidered (Fig. 3d) showed the same pattern observed in the biplot 
of principal component scores (Fig. 2). 

Table 3. Rank correlations among pairs of animal species (C cattle, D deer, 
G goats, S sheep) for 3 classes of forage and overall correlations c&u- 
bated includiig a8 plant species (P < 0.0001) unless otherwise b~dicated). 

Overall rank correlations calculated for the complete set of 
plant species (Table 3) followed the same pattern observed in the 
principal components analysis (Fig. 2). Animal species with most 
similar preferences were deer and goats, mainly because of their 
similar preferences for woody species and forbs. Cattle and sheep 
showed similar preferences for all 3 classes of forage. The most 
dissimilar pair, cattle and deer, primarily differed in their prefer- 
ences for grass species. 

Pair Grasses Forbs Browse 

C-D 0.20’ 0.502 0.78 
C-G 0.75 0.773 0.78 
c-s 0.83 0.82 0.88 
D-G 0.59 0.84 0.93 
D-S 0.4FB5 0.87 0.85 
G-S 0.86 0.94 0.85 
‘P = 0.464; *P = 0.028; 3P = o.oca3: 4p = 0.035; 5P = 0.067. 

Overall 

0.45 
0.57 
0.83 
0.87 
0.71 
0.76 
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Pig. 3. Metric multidimensional scaling plots of preferences for 3 forage classes: grasses (a), forbs (b), and browse (c) and for all species involved (d). 
Patterns of previously published preference data (e) are also shown. 

Diet selection by free-ranging herbivores usually deviates from 
individual plant species preferences, particularly due to differ- 
ences in temporal and spatial offer. However, when plant species 
are classified into forage classes that are continuously on offer (in 
space and time) at reasonable levels, comparisons between ani- 
mal species should be expected to exhibit the same pattern of 
preferences estimated in the present study. 

Comparisons with Published Data 
Predicted preferences closely matched published information 

on diet selection when plant species were grouped into grasses, 
forbs, and browse classes. For 2 extensive experiments (Bryant et 
al. 1979, Rector 1983) in which diets for 3 of the 4 herbivore 
species were estimated throughout the year in the Edwards 
Plateau, the general pattern of preferences was coincident with 
that observed in the multidimensional scaling analysis (compare 
panels (d) and (e) in Fig. 3). Other studies (Taylor et al. 1980, 
McGinty et al. 1983) also confirm the relative preferences for for- 
age classes estimated for cattle in this study. 

For deer, another comparison was possible using data from 26 
of the plant species for which deer preference was reported by 

Armstrong (1991). He classified species as preferred, good, low 
quality, and little utilized forage for white-tailed deer in the Kerr 
Wildlife Management Area (Kerr County, Texas). Analysis of 
variance of the preference ranks from our data revealed signifi- 
cant differences (P < 0.0001) that followed the general trend of 
Armstrong’s (1991) lists. Mean rankings (+ SE) were 14.4 + 7.6, 
44.2 f 6.7, 67.4 f 12.3, and 84.6 f 4.4 for preferred, good, low 
quality, and little utilized species, respectively. Thus, general 
preference ranks for individual species synthesized from range 
site descriptions showed good agreement with preferences 
derived from independent information. 

Conclusions 

A complete experimental validation of the rankings produced 
in this study is obviously unfeasible for the same reasons that 
cafeteria and free-ranging diet selection experiments are invari- 
ably fragmentary. However, general patterns of forage class pref- 
erence among different herbivores and individual comparisons 
involving white-tailed deer diet preferences showed good agree- 
ment with previously published information. 
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Results obtained through this meta-analysis can be compared 
with and supplement free-ranging diet selection and cafeteria 
experiments that rely on locally specific evaluations in which 
plant physiology, individual plants, and plant parts may affect 
preferences. For many variables of importance in range manage- 
ment decisions, funding is not available for experimentation at 
the intensity required to produce meaningful landscape-scale 
results. The time required to generate such information is also 
critical. Subjective information, in the form of expert opinion, 
may be readily available or can be systematically elicited 
(Kadane et al. 1980). This prior information can be used to trans- 
late uncertainty into probability distributions that could be updat- 
ed as soon as experimental results become available. Range man- 
agement would greatly benefit from the adoption of such a 
Bayesian approach, given the restrictions associated with gather- 
ing experimental information at adequate scales. 

Preference rankings obtained from expert opinion summarize 
information that closely matches the scale at which management 
decisions will affect vegetation trends. These rankings may be 
less site- and season-specific and less precise than rankings from 
experimental trials; nevertheless, they may be more capable of 
producing meaningful results when used to predict vegetation 
trends at the management unit scale. The potential utility of pref- 
erence rankings for predicting changes in range vegetation, when 
supplemented with other comparative ecological information on 
individual plant species, is currently being explored (Rodriguez 
Iglesias 1996). 
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Abstract 

To define alfalfa crop loss from depredating mule deer, the 
spotlight count and paired plot techniques were applied in 12 
fields located throughout Utah. Protected and grazed plots were 
used to determine alfalfa loss. A significant relationship between 
deer-nights of grazing and alfalfa loss was determined. Based on 
our studies, we recommend using 2.4 kg/deer-night for mule deer 
depredation of alfalfa using the spotlight count assessment tech- 
nique. Nutritional quality of alfalfa was not different between 
grazed and protected plots. 

Key Words: Utah, deer diets, big game damage, crop loss evaluation 

Wildlife managers must be able to accurately estimate crop 
losses from depredating big game to address the conflicts 
between ranchers and wildlife agencies. Although state legisla- 
tures determine the legal levels of state versus landowner respon- 
sibilities for wildlife depredation on private lands, state wildlife 
agencies are required to work with landowners and provide suit- 
able alternatives or solutions to problems related to depredating 
big game. 

An economically important and widespread depredation con- 
flict occurs between big game and field grown alfalfa (Medicago 
sativa L.). Supplemental feeding of alfalfa hay in winter is criti- 
cal to the success of many ranching operations and reduction of 
winter feed due to depredation can cause significant economic 
loss. Depredation begins with the onset of alfalfa growth in early 
spring, peaks just before native vegetation becomes available, 
and declines rapidly as grasses, followed by forbs, become avail- 
able in adjacent rangelands and forests. Summer depredation 
(mid May-August) is minor compared to spring use, but as native 
vegetation matures and desiccates in late summer, increasing use 
is usually observed on irrigated alfalfa fields adjacent to range- 
lands (Bartmann 1974, Austin and Umess 1993). 

In our initial study (Austin and Umess 1993) we defined count- 
ing methods and our results yielded a first approximation for 
field-growing, alfalfa crop loss from mule deer (Odocoileus 
hemionus hemionus Rafinesque) depredation. The major advan- 
tage of using nighttime counts versus paired plots is the great 
reduction in time and materials needed (Austin and Umess 1993). 
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However, clearly the value representing alfalfa loss/counted deer 
is critical and must be derived from many replications over a 
larger geographic area than our initial 6 replications in northern 
Utah. Therefore, our major objective in this study was to define 
this value for widespread applicability. 

Methods 

During early spring 1993, 12 privately-owned, irrigated alfalfa 
fields were selected for study. Fields were located throughout 
Utah from Rich County in the north to Kane County in the south. 
All fields had a history of heavy depredation use by mule deer. 
Areas of all fields were measured. In each field 20 pairs of pro- 
tected and grazed l-m* circular plots were established. Location 
of plots within each field was determined from an equal-spaced 
grid, using a randomized block design. Protected plots, selected 
by coin toss, were fenced with 1.2 m high, 15 cm mesh wire 
secured with 2 steel posts. Plots were established before spring 
growth was available or immediately following removal of the 
first or second alfalfa crop. On 10 fields, data from both the first 
and second hay crops were collected for depredation crop loss 
analyses. On these fields only 2 crops were harvested. On 1 field 
(trial 24), because deer had completely migrated from the area, 
data from only the first crop were collected. On 1 field (trials 5, 
6, 7) data from 3 harvested alfalfa crops were collected. Also on 
1 field (trial 7), a few Rocky Mountain elk (Corvus canadensis 
nelsoni Bailey) were counted and those numbers converted to 
deer-nights using a deer to elk weight ratio of 4:l (Anderson et al. 
1974, Thome 1976). 

Within a week of commercial harvest, plots were clipped to 
ground level and alfalfa was placed in marked paper sacks. In tri- 
als 11 and 22 the number of paired plots was reduced to 6 and 15, 
respectively, due to unintentional commercial harvest. Stubble- 
height plots (Ytrial) were randomly located in fields and also 
clipped to obtain weights of alfalfa left in fields after harvest. 
Time constraints limited the number of stubble plots clipped. The 
mean stubble-height weights for each trial were used as tare 
weights and subtracted from clipped plots to obtain net alfalfa 
harvested but had no effect on production differences between 
paired plots. All alfalfa samples were allowed to air dry to room 
temperature and weighed to 0.01 g. 

Because variability of depredation use of alfalfa was extreme, 
each crop on each field was considered a separate experiment. In 
total, data were collected from a sample size of 24 trials. T-tests 
for paired comparisons (Sokal and Rohlf 1981) were used to 
determine production differences in alfalfa production between 
grazed and protected plots. 
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Alfalfa samples for comparing protected and grazed plots for 
nutritional parameters were also collected. To reduce costs and the 
number of nutritional samples needed for analyses, alfalfa samples 
were collected and combined from consecutively numbered plots 
in groups of 4. Only the samples from fields where alfalfa produc- 
tion was significantly reduced were analyzed. Samples were air 
dried and subjected to near infrared reflectance (NIR) spec- 
troscopy at the Utah State University Soils, Plant and Water 
Analysis Laboratory. Single classification analyses of variance 
(Sokal and Rohlf 1981) were used to determine differences 
between grazed and protected plots for individual nutritional para- 
meters. Analyses included protein, phosphorus, calcium, neutral 
detergent fiber, digestible dry matter, and metabolizable energy. 

To determine the number of deer-nights of depredation by mule 
deer, weekly counts were made l-2 hours after sunset using spot- 
lights, binoculars, and horn. Local wildlife biologists and project 
personnel conducted counts, but not duimg inclement weather. 
Due to weather and personnel time conflicts, the number of days 
was not consistent between counts, and therefore the midpoints 
between counts were used to determine the number of nights rep- 
resented by each count. The number of deer-nights for each trial 
was calculated by multiplying the number of deer counted by the 
number of nights the count represented. 

Differences between grazed and protected plots and areas of 
fields were used to calculate alfalfa crop loss as kg/ha. Deer- 
nights of depredation were also calculated as deer-nights/ha. Data 
from deer-nights/ha and alfalfa loss kg/ha were used to calculate 
a linear regression equation and correlation coefficient. 

Results and Discussion 

Reduction in alfalfa production ranged from m% and signif- 
icant losses from depredating mule deer occurred in 8 of 24 trials 
(Table 1). Deer-nights/ha ranged from O-959. In trials where deer 
significantly decreased alfalfa production, total losses ranged 
from 1.3-4.2 (sr = 2.6, SE = 0.9, n = 8) kg/deer-night of air-dry 
weight. Where deer use of fields exceeded 50 deer-nights/ha, 
alfalfa loss ranged from 0.4-4.2 (X = 2.2, SE = 1.1, n = 13) 
kg/deer-night. Combined data from all 24 trials, obtained by sum- 
ming all alfalfa production figures from grazed and protected 
plots, and summing all deer-nights/ha, yielded a mean alfalfa loss 
of 2.4 kg/deer-night. The relationship between deer-nights/ha(X) 
and alfalfa losses in kg/ha(Y) yielded the linear equation Y = 
2.46X-l 1. The coefficient of determination was ti = 0.89 (P = 
O.OOl), indicating deer utilization of alfalfa accounted for most of 
the variation in alfalfa production between paired plots. 

No significant differences were found between grazed and pro- 
tected plots for any of the nutritional parameters measured. 

Grazing of field-growing alfalfa by deer can reduce yield sig- 
nificantly. Significant (P c 0.05) losses occurred when the alfalfa 
crop was reduced about 15 and 20%, by depredating white-tailed 
deer (Oducoileus virginiana Zimmerman) (Palmer et al. 1982, 
Mullen and Rongstad 1979) and 18% for mule deer (Austin and 
Umess 1993). In this study significant losses were detected when 
utilization of alfalfa exceeded 14% and were not detected at uti- 
lization levels below 10%. 

Table 1. Consumption of alfalfa by mule deer determined from 1.0 m* paired plots and nighttime counts in Utah, 1993. 

Alfalfa Production 
basketed plots grazed plots 

(kg/ha) O@d Niahtime Counts 
Trial Inclusive Hay Crop Hayfield number deer-nights/ha 

# Field I.D. dates # area n x f SE x f SE of counts Z f SE 

1 Ferron S 
2 Ferron S 
3 Ferron N 
4 Ferron N 
5 Birdseye 
6 Birdseye 
7 Birdseye 
8 Ephraim 
9 Ephraim 

10 Sterling 
11 Sterling 
12 Antimony 
13 Antimony 
14 Alton E 
15 Alton E 
16 Alton W 
17 Alton W 
18 Round Valley N 
19 Round Valley N 
20 Round Valley S 
21 Round Valley S 
22 Thiokol 
23 Thiokol 
24 Howell 

29 Mar.-l 1 Jun. 
9 Jul.- 8 Aug. 

29 Mar.-3 Jun. 
9 Aug.-l Sep. 

31 Mar.-7 Jun. 
8 Jul.- 5 Aug. 

17 Aug.-15 Sep. 
1 Apr.- 9 Jun. 
8 Jul.- 7 Sep. 
1 Apr.- 1 Jun. 
8 Jul.- 6 Aug. 
6 Apr.-28 Jun. 

20 Jul.-30 Aug. 
29 Apr.-27 Jun. 
10 Jul.-19 Aug. 
20 Apr.-22 Jun. 
IO Jul.-25 Aug. 
26 Apr.-28 Jun. 
20 Jul.-l Sep. 
30 Apr.-21 Jun. 
19 Jul.-6 Sep. 
13 May-13 Jun. 

7 Jul.-7 Sep. 
14 May-9 Jun. 

1 
2 
1 
3 
1 
2 
3 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 

(ha) 
2.20 
2.20 
6.00 
6.00 
8.93 
8.93 
8.93 
5.16 
5.16 
4.19 
4.19 
9.34 
9.34 
5.60 
5.60 
2.70 
2.70 
3.50 
3.50 
3.94 
3.94 

29.22 
29.22 
23.31 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
6 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
15 
20 
20 

---(kg/ha)--- 
6,183b 
3,617 
4,349b 
2,560 
3,557b 
3,125 
1,638 
4,135b 
1,525 
3,450b 
2,956 
2,821b 
3,503 
3,508 
2,488” 
5,457 
4,427b 
5,041 
2,465 
4,827 
3,556 
3,541 
2,822 
3,324 

1,309 
459 
768 
510 
553 
735 
584 
891 
652 
978 
532 
788 
583 
846 
824 
502 
857 
788 
646 

1,212 
1,967 

938 
1,688 

642 

---(kg/ha)--- 
3,716 
3,669 
3,280 
2,513 
3,051 
3,090 
1,517 
3,064 
1*- 

2,311 
2,948 
2,297 
3,532 
3,546 
2,136 
5,306 
3,231 
4,842 
2,438 
4,661 
3,224 
3,383 
2,555 
3,576 

554 
475 
534 
555 
582 
743 
576 
616 
540 
810 
295 
806 
824 
944 
641 
571 

I.097 
817 
645 

1,506 
1,707 

898 
1,438 

667 

---(No.)--- 
14 959 784 
5 15 18 

13 492 414 
4 0 -- 

9 212 160 
7 13 10 
6 158 198 
12 257 262 
11 14 14 
12 529 415 
7 0 _- 

13 178 143 
8 0 -- 

9 20 37 
4 259 116 
9 249 313 
5 354 200 
9 37 69 
8 64 68 
7 38 33 
8 111 74 
4 0 __ 
9 0 __ 
4 0 __ 

%otected and grazed plots significantly different (P < 0.05) 
kotected and grazed plots significantly different (P < 0.01) 
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Reduction in alfalfa yield due to deer depredation translates 
directly into potential economic loss. For example, an average 10 
ha alfalfa field might produce 40 metric tons of fist crop alfalfa. 
At 14% crop loss (5.6 metric tons), the economic loss would be 
$280.00 based on a stump crop value of $50.OO/metric ton. Using 
2.4 kg/deer-night, 2,333 accumulated deer-nights would be need- 
ed. Also using a 60-day, first crop growing cycle, an average 
nighttime count of about 39 deer would equate to this loss. 
(Example data suggested by Utah Cache County extension 
office). 

Forage consumption of fresh alfalfa by mule deer was reported 
as 1.1 to 1.5 kg/100 kg body weight varying by alternative avail- 
able feed (Austin and Umess 1987), and about 1.1 kg/100 kg 
body weight using fecal material to estimate percent alfalfa con- 
tribution to the diet (Tebaldi and Anderson 1982). Estimates of 
alfalfa consumption/deer-night of grazing in fields were 0.8-1.5 
kg in Utah (Austin and Umess 1992) and 1.4 kg in Wisconsin for 
white-tailed deer (Mullen and Rongstad 1979). However, the 
above studies were based only on alfalfa consumption and did not 
consider trampling and bedding, impacts on alfalfa growth poten- 
tial, and spotlight counts (Bartmann 1974), which inherently fail 
to count all deer using fields. Our previous study (Austin and 
Umess 1993) included these additional potential alfalfa losses 
and yielded similar results of 2.2 kg/deer-night. Therefore, using 
nighttime spotlight counts, our results indicate alfalfa loss from 
mule deer depredation may be estimated between 2.2 and 2.6 
kg/deer-night. 
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Abstract 

Burn@ and harvest frequency can affect the vigor of switch- 
grass (Panicurn virgatum L.), big bluestem (Andropogon gerardii 
Vitman), and indiigrass [Sorghastrum nutuns (L.) Nash]. A field 
study was established in 1986 and from 1988 to 1991 treatments 
were applied with burning in March, April, or May with 
unburned controls. Forage was harvested from plots 1 (June), 2 
(June and July), or 3 (June, July, and August) times with unhar- 
vested control plots included. Treatments were applied to the 
same plots annually and were arranged in a split-split plot, ran- 
domixed complete block design. The main plot was species, the 
subplot was burning, and the sub-subplot was harvest frequency. 
Bii bluestem produced 147 and 122% more etiolated biomass in 
spring than did switchgrass or lndiangrass, respectively. Effects of 
harvest management on plant vigor occurred after 1 growing-sea- 
son, but changed little during the remainder of the study. Etiolat- 
ed biomass declined more as harvest frequency increased from 2 
to 3 harvests than from 1 to 2 harvests (213,205, and 162 g mm2 for 
1,2, and 3 harvests per summer, respectively). Big bluestem pr+ 
duced 95 and 33% more tillers than switchgrass and lndiangrass, 
respectively, and burning stimulated tlllering an average of 32% 
across all species and harvest treatments. Harvest frequency 
increased tiller density. However, plant vigor as measured by etio- 
lated growth decreased as harvest frequency increased. This sug- 
gests that with these species tillering may occur at the expense of 
energy storage with frequent defoliation. Vigorous spring etio- 
lated growth and high tlllering potential may partially explain the 
dominance of big bluestem in the tallgrass prairie. 

Key Words: Energy reserves, etiolated growth, basal cover, tiller 
density, Panicum virgatum, Andropogon gerardii, Sorghastrum 
nutans 

Burning and harvesting are 2 mechanisms by which plants can 
be defoliated, but defoliation must be timed to ensure the mainte- 
nance of adequate energy reserves for plant survival and reason- 
able productivity over years (White 1973). The effects of such 
defoliation on monocultures of switchgrass (Panicum virgatum 
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Resumen 

La frecueneia de1 quemado y la cosecha puede afectar el vigor 
de1 switchgrass (Panicum virgatum L.), big bluestem 
(Andropogon gerardii Vitman), e indiangrass [Sorghastrum 
nutans (L.) Nash]. Un campo de estudios se establecid en 1986 y 
de 1988 a 1991 se aplico tratamientos de quemado en Marxo, 
Abril, o Mayo con control no quemados. El forraje fue cosechado 
de las parcelas 1 (Junio), 2 (Junio y Julio), 6 3 (Junio, Julio, y 
Agostos) tiempo en que se incluyo las parcelas de control no 
cosechadas. El tratamiento fue aplicado anualmente a las mis- 
mas parcelas las cuales fueron organixados en planos divididos- 
divididos en diseno de bloque completamente aleatorio. El plan0 
principal et-an especies, el plan0 secundario era el quemado y el 
plano sub-secundario era la frecuencia de la cosecha. El big 
bluestem produjo 147 y 122% mas masa viva crecida en la 
oscuridad (etiolated biomass) en la primavera que lo que produ- 
jo el switchgrass o el indiangrass, respectivamente. El efecto de 
la administraci6n de la cosecha, en el vigor de la planta, ocurrl6 
despues de una estacion de cultivo, pero cambio un poco durante 
el rest0 de1 estudio. La masa viva crecida en la oscuridad (etiolat- 
ed biomass) decline m&s al aumentar la frecuencia de la cosecha 
de 2 a 3 cosechas que de 1 a 2 cosechas (213,205, y 162 g me2 por 
12, y 3 cosechas por verano, respectivamente). El big bluestem 
produjo de 95 a 33 % mh serpollo que el swltchgrass y el lndiin- 
grass, respectivamente, y el quemado estimulo el serpollado en 
un promedio de 32% a traves de todas las especies y tratamien- 
tos de cosecha. La frecuencia de la cosecha aumenta la densidad 
de1 serpollo. Sin embargo, el vigor de la planta cuando es medido 
por crecimiento en la oscuridad (etiolated growth), disminuye 
cuando la frecuencia de cosecha aumenta. Esto sugiere que con 
estas especies el serpollado podria ocurrir a expensas de almace- 
nar la energia con la frecuente defoliation. El crecimiento en la 
oscuridad (etiolated growth), vigoroso de la primavera y el alto 
potential de1 serpollado podrian explicar parcialmente el predo- 
minio de1 big bluestem en las llanuras de yerba alta (tallgrass). 

L.), big bluestem (Andropogon gerardii Vitman), and indiangrass 
[Sorghstrum nutans (L.) Nash] were the focus of this research. 

Frequent defoliation of perennial grass reduces basal cover 
(Heinrichs and Clark 1961, McKendrick and Sharp 1970, Buwai 
and Trlica 1977). For switchgrass, defoliation that removes shoot 
apices often leads to a decline in shoot density (Branson 1953, 
Anderson et al. 1989). 
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Anderson et al. (1989) reported that non-defoliated switchgrass effect of the previous year’s burning and harvest treatments on 
plants contained 22 to 40% more total non-structural carbohy- etiolated growth. Cans were painted white to reduce thermal load. 
drates (TNC) than clipped plants at the end of the growing sea- A groove at least 8 cm deep was cut in the soil around the outside 
son. However, Davidson and Milthorpe (1965) noted that TNC edge of the can to sever any shoots or shallow roots that might 
formed only a part of the labile pool of substrates used in translocate photosynthates or nutrients to covered tillers. A weight 
regrowth and thus may not accurately measure the ability of defo- was placed on top of each can to prevent it from being blown 
liated plants to regrow. over. 

Little research has been done on the effect of defoliation by 
burning on plant vigor. However, in Oklahoma burning doubled 
big bluestem tiller density (Svejcar and Browning 1988). In 
Kansas, burning increased indiangrass tiller density but had less 
effect on big bluestem (Hulbert 1984). These studies examined 
mixed stands which resulted in individual species responses that 
are confounded by species interactions. The objective of this 
study was to determine the effect of burning and harvest frequen- 
cy on spring etiolated growth from stored energy reserves, basal 
cover, and tiller density of switchgrass, big bluestem, and indian- 
grass using monocultures to avoid such interspecific interactions. 

Etiolated growth parameters used to estimate plant vigor were 
biomass and number of tillers. Etiolated growth under each can 
was measured by clipping all etiolated plant material to a height of 
2 cm. Number of etiolated tillers was a count of tillers growing 
under each can. Sampling was conducted from mid-April when 
etiolated growth began until etiolated growth ceased in early July. 
Etiolated growth was sampled 4 times during 1989 and 1991 and 
3 times during the same period in 1990. In all 3 years, etiolated 
growth was clipped 1 day prior to the mid-May bum and 1 day 
prior to the June harvest to ensure etiolated growth was not 
destroyed. Clipped biomass was dried in a forced air oven at 60” 
C for 2 days and weighed. Average mass per etiolated tiller was 
calculated by dividing the number of etiolated tillers by dried etio- 
lated biomass. Materials and Methods 

The research site was located at the University of Nebraska 
Agricultural Research and Development Center near Mead, Neb. 
The soil is a Sharpsburg silty clay loam (fine montmorillonitic 
mesic Typic Argiudoll) derived from loess materials. 

In 1986, ‘Pawnee’ big bluestem, ‘Nebraska 54’ indiangrass, and 
‘Trailblazer’ switchgrass were planted as monocultures in nine 5 
X 44-m plots allowing for 3 replications of each treatment 
arranged in a randomized complete block design. In 1988, each 
monoculture main plot was divided into four, 5 X 9-m subplots 
with 1.5-m borders separating the subplots. Burn treatments were 
randomly assigned to subplots and included bums conducted in 
mid-March when plants were still dormant, mid-April with about 
1 to 5 cm of new growth, or mid-May with about 15 to 20 cm of 
new growth. Non-burned subplots were used as controls. The 
same burning treatments were applied to the same area from 1988 
through 1991. 

Within each burned subplot, four, 1.5 X 5-m harvest treatment 
sub-subplots were randomly assigned and included plots not har- 
vested or harvested 1 (June), 2 (June and July), or 3 (June, July, 
and August) times each summer. Herbage from a 1 X 5-m area in 
each sub-subplot was removed with each summer harvest using a 
flail-type forage harvester. The remaining 0.5 m-’ was mowed and 
left on the plot for litter accumulation and fuel for burning. Sub- 
subplots were harvested to leave a stubble height of 18 cm. After a 
killing freeze caused above ground growth to cease in October, a 
30 X 180-cm area was clipped by hand to a height of 18 cm from 
non-harvested sub-subplots in 1989 and from all plots in 1990 for 
an estimate of forage mass. The same harvest treatments were 
applied to the same sub-subplots each year. Harvest treatments 
were initiated in 1988 and continued through 199 1. 

Plant vigor can be measured in a number of ways. Measuring 
etiolated growth (growth that occurs in the absence of light) is one 
way to quantify total organic reserves of a plant and thereby quan- 
tify plant vigor in grasses (McKendrick and Sharp 1970, Dovrat et 
al. 1972, Ogden and Loomis 1972, Reece et al. 1988). 

Before growth initiation in the spring of 1989, 1990, and 1991, 
3 randomly selected plants per sub-subplot were clipped to 
remove the previous years residue and covered with #10 metal 
cans (186 cm* X 17 cm) to exclude light and thus measure the 

Tiller density of sub-subplots was estimated by counting the 
number of tillers in 2 randomly placed 30 X 30-cm frames in each 
plot after the July harvest in 1991. Basal cover was measured in 
November 199 1, using the IO-point frame method (Cook and 
Stubbendieck 1986) with 60 points per sub-subplot. 

The study was designed and analyzed as a split-split plot in time 
and all statistical procedures were analyzed using procedures of 
SAS (SAS 1988). The main plot was species, subplot was bum 
date, and sub-subplot was harvest. All differences reported are sig- 
nificant at P < 0.05. 

Results and Discussion 

Etiolated Biomass 
Differences in plant vigor resulting from harvest frequency 

treatments were observed for all species after only a single year 

Table 1. Total etiolated biomass of switchgrass, bii bluestem, and indbmpw 
for 4 harvest frequencies in 3 years averaged across burn tmatments. 

Grass 
species 

SU Year 
harvest frequency’ 1989 1990 1991 

Switchgrass 0 
1 
2 
3 

Big bluestem 0 
1 
2 
3 

Indiangrass 0 
1 
2 
3 

LSD (0.05) 
’ Summer harvest frequency 
O=Not harvested 
l=June harvest 
2=June and July harvests 
3=June, July, and August harvests 

148 119 168 
121 126 151 
85 70 125 

490 460 419 
339 330 301 
365 317 287 
313 225 282 

148 120 256 
152 129 232 
124 116 236 
127 92 143 
39 46 75 
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of applying treatments (1988; Table 1). However, cumulative 
harvest frequency effects were not observed following 2 more 
years of harvest. In each year, and averaged across the study, big 
bluestem produced more etiolated spring growth (344 g m-*) than 
switchgrass (141 g mm*) and indiangrass (154 g me*). 

Indiangrass was less vigorous in non-harvested plots than 
switchgrass or big bluestem (except compared with switchgrass 
in 1991). However, indiangrass was less adversely affected by 
increasing harvest frequency than the other species (Table 1). For 
example, in 1989 etiolated biomass from indiangrass plots har- 
vested 3 times was 86% of the non-harvested indiangrass, where- 
as big bluestem and switchgrass harvested 3 times produced 64 
and 45% as much etiolated biomass as non-harvested plots, 
respectively. 

In general, plants tended to be less vigorous as harvest frequen- 
cy increased. Etiolated biomass averaged across all species and 
years was 274, 213, 205, and 162 g mm2 for non-harvested plots 
and plots harvested 1, 2, and 3 times per summer, respectively. 
However, 2 summer harvests (June and July) resulted in similar 
vigor as a single summer harvest (July; Table 1). Both once- and 
twice-harvested plots had the same late summer rest period (from 
July until fall dormancy). This apparently was adequate to replen- 
ish energy lost due to the June harvest. These results are similar 
to those of Owensby et al. (1977) who reported that decreased 
energy reserves from intensive early-season defoliation could be 
overcome by a rest period late in the growing season. Other 
researchers also found early-season grazing was less likely to 
reduce stored energy in grasses than later-season defoliations 
(Trlica and Cook 1971, Drawe et al. 1972). An explanation was 
provided by Anderson et al. (1989), who found that defoliation 
had a greater impact on energy reserves when apical meristems 
were removed. The June harvest in the present study was taken 
before apical meristems were elevated. Reduced plant vigor 
which occurred with an additional third harvest per growing sea- 
son is similar to the response found by Peterson (1962), Buwai 
and Trlica (1977), and Reece et al. (1988) who found plant vigor 
reduced following frequent or heavy defoliation. 

Burning had little effect on plant vigor. All bums were conduct- 
ed by mid-May in this study, so plants had nearly the entire grow- 
ing season to replenish any organic reserves lost as a result of bum- 
ing. Ehrenreich and Aikmann (1957) concluded for Iowa prairies, 4 
to 6 years without burning was needed to develop a mulch capable 
of suppressing warm-season grass growth. This suggests that the 
current study may not have been long enough to suppress plant 
vigor due to mulch accumulation on non-burned plots. 

Etiolated Tiller Density 
As with etiolated biomass, big bluestem had greater etiolated tiller 

density when averaged across treatments@,300 tillers rn-*) than 
switchgrass or indiangrass (2,080, and 2,700 tillers ni*, respective- 
ly). Harvest frequency, averaged across all species and burn dates 
did not affect etiolated tiller density (3,320, 3,370, 3,480, and 3,280 
tillers m-*, for non-harvested plots and plots harvested 1, 2, and 3 
times per summer, respectively). This contrasts with results reported 
by McKendrick and Sharp (1970) in which etiolated tiller numbers 
per unit area were reduced by heavy grazing. 

Burning did not affect etiolated tiller density. Average etiolated 
tiller density was 3,330, 3,350, 3,180, and 3,620 m-* for non- 
burned, March, April, and May bum treatments, respectively. 

Etiolated Tiller Mass 
The relatively constant etiolated tiller density regardless of 

bum date or harvest frequency suggests that these plants partition 
energy to achieve a certain tiller density which varies among 
species. Initial changes in plant vigor therefore, may best be 
expressed as weight of individual etiolated tillers. 

Harvest frequency interactions with bum treatment and species 
for etiolated tiller mass were the result of weight of individual eti- 
olated tillers being most affected by harvest frequency and a gen- 
eral decline in etiolated tiller mass as harvest frequency increased 

Table 2. Average etiolated tiller mass for 4 burn treatments at 4 harvest 
frequencies averaged across species and years. 

Bum date 
Summer harvest frequency 

0 1 2 3 

__---- .__- ----_ (mgtillei’) _______ - _____ 
Non-burned 304’ 189 185 127 
March 230 196 167 161 
April 236 167 150 127 
May 196 164 163 146 

‘LSD (at 0.05 = 36) value is suitable for comparisons within and between 
cohnns. 

(Tables 2 and 3) 
Etiolated tiller weight was reduced in non-harvested/burned 

plants but not in harvested/burned plants (Table 2). This was the 
result of greater etiolated tiller weights for non-harvested/non- 
burned plants when compared with all other treatment combina- 
tions. In this study, except for the April bum, burning impacted 
etiolated tiller mass similarly to a single growing-season harvest. 

Harvest frequency by species interactions indicated non-har- 
vested switchgrass and big bluestem plants had more vigorous 
tillers than indiangrass (Table 3). However, average etiolated 
tiller mass of indiangrass was not reduced as much by harvesting 
as was that of switchgrass and big bluestem. This appears to be in 
contrast to indiangrasses classification as a decreaser in tallgrass 
prairie plant communities (Nichols et al. 1984). One explanation 
may be that in mixed tallgrass prairie stands indiangrass is prefer- 

Table 3. Average etiolated tiller mass of 3 warm-season grasses at 4 har- 
vest kequencies averaged across burn treatments and years. 

Summer harvest frequency 
Species 0 1 2 3 

__--- -___ ------ (mgti]]ei’) _____________ 
Switchgrass 250’ 177 186 135 
Big bluestem 265 188 163 140 
Indiangrass 174 157 151 138 
k..SD (at 0.05 = 31) value is suitable for comparisons within and between coIumns. 

entially grazed, and therefore has greater defoliation stress than 
competing species. 

Species by burn date interactions suggested that individual 
species responded differently to burn dates (Table 4). Big 
bluestem etiolated tiller mass was not adversely affected by bum- 
ing except with the May bum date, whereas indiangrass was most 
adversely affected by March burning. Switchgrass; however, was 
not affected by bum date. The adverse effect of the March bum 
on indiangrass may have occurred because indiangrass has live 
biennial tillers present above ground in March (McKendrick et al. 
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Table 4. Average etiolated tiller mass of 3 warm-season grasses for 4 intact photosynthetic tissue may have enabled big bluestem to 
bum treatments averaged across harvest frequency treatments and 
Y-. 

produce more photosynthates, and therefore, allocate more ener- 
gy to storage tissue. This would enhance its ability to grow vigor- 

Species 

Switchgrass 
Bia bluestem 

Bum treatment 
Non-burned March April May 

_ _ _ _ _ _ _ _ _ - _ - - _ _ (mg tiller-‘) _ _ _ _ _ _ _ _ _ _ _ _ _ 
198’ 198 167 185 
195 209 197 155 

Irldiangrass 180 136 146 157 
’ LSD (at 0.05 = 49) value is suitable for comparisons within and between columns. 

ously the next spring. 
Stand tiller density increased as harvest frequency increased 

(average across all species and bum dates; Table 5). This con- 
curred with other research (Peterson 1962, Reece et al. 1988) and 
has been attributed to increased light penetration and soil 
temperature (Rice and Parenti 1978). In this study, even though 
stand tiller density increased as harvest frequency increased, plant 
vigor decreased (Tables 1, 2 and 3). This result suggests that as 

1975) which are subject to injury by early burning. Although 
harvest frequency increases, tillering occurs rather than energy 

indiangrass appeared damaged by burning in this study, it has 
storage (Tables 2, 3, and 5). Eventually, the increase in tillering, 

been reported that indiangrass populations decline rapidly with- 
as opposed to energy storage with frequent harvests, would lead 

out burning in mixed species plant communities (Hulbert and 
to low vigor and non-competitive plants. Other research supports 

Wilson 1983, Towne and Owensby 1984). 
the suggestion that stand vigor declines with long term heavy use 
(Heimichs and Clark 1961, McKendrick and Sharp 1970, Buwai 

Stand Basal Cover 
and Trlica 1977). 

Treatment interactions were not detected for basal cover and 
basal cover was only affected by harvest frequency. Plots har- 
vested twice per summer had greater basal cover (11.4%; L.S.D. 
at 0.05 = 1.2) than non-harvested plots (9.9%) or plots harvested 
3 times per summer (lO.O%), and similar basal cover to plots har- 
vested 1 time per summer (11 .O%). Basal cover among species 
was 9.6% for switchgrass, 11 .O% for big bluestem, and 11.1% for 
indiangrass. Basal cover among bum treatments was 10.1, 10.8, 
10.5, and 10.0% for non-burned, March, April, and May bum 

For all species and harvest treatments combined, burning 
increased tillering 32%. Increased tillering following burning has 
been reported by Rice and Parenti (1978), Hulbert (1984), and 
Svejcar and Browning (1988). Svejcar and Browning (1988) 
attributed increased big bluestem tillering to the release of dor- 
mant buds with burning. 

Conclusions 

dates, respectively. With respect to burning,-these results differ 
from those reported by others. In mixed stands basal cover of the 

Big bluestem had the most vigorous spring growth whether 

species used in the present study tend to increase with burning 
measured by etiolated tiller mass, number of etiolated tillers, or 

compared with competing species (Anderson et al. 1970, Kucera 
stand tiller density. However in this study, big bluestem did not 

and Koelling 1964). With the monocultures used in this study, 
produce as much forage mass as switchgrass (Cuomo et al. 1996). 

only treatments enhancing plant vigor of the individual species 
Thus, vigor may not always be related to forage production. 

would increase basal cover. 
Vigorous early-season growth by big bluestem may enhance its 
competitive status and may partially explain its dominance in 

Stand Tiller Density 
Interactions among treatments were not identified for stand 

tiller density, but stand tiller density differed for species, for 
some bum dates, and for some harvest frequencies (Table 5). Big 
bluestem produced the most tillers and switchgrass the least. 
However, when harvested to a stubble height of 18 cm, big 
bluestem produced less forage mass than switchgrass (Cuomo et 
al. 1996). Switchgrass produced more erect tillers and heavier 
reproductive tillers (personal observation), whereas big bluestem 
produced many vegetative tillers which never grew above the 18- 
cm harvest height. These shorter tillers produced no harvested 
herbage, but did provide photosynthetically active tissue. This 

ecosystems to which it is adapted. 
Effects of harvest management on the plant vigor of these 

species occurred after 1 growing season. Further effects were not 
detected in 2 subsequent growing seasons. Two harvests before 
apical meristems elongated, coupled with an end-of-growing sea- 
son rest, did not reduce plant vigor below that of a single harvest. 

Burning did not affect plant vigor as measured in this study, but 
decreased productivity (Cuomo et al. 1996). Therefore, when 
developing grazing strategies plant vigor can be maintained with 
different spring burning management if adjustments in stocking 
rate are made to accommodate changes in productivity associated 
with burning. 

Short term changes in slant vigor are often difficult to detect 
-  I  

Table 5. Final stand tiller density in July 1991 for 3 warm-season gras.+ 
and measure in grasslands. In this study, mass of etiolated tillers 

es, 4 bum treatments, and 4 harvest frequencies. gave an early indication of plant vigor and may provide a method 
for early identification of trends in plant vigor. 

Summer 
Tillers Tillers harvest Tillers 

Species Bum treatment frequency Literature Cited 
(m-3 (mm’) (m? 

Switchgrass 567 Non-burned 671 
Big bluestem 1,108 March 942 Indiangrass 830 April 920 

May 806 LSD (0.05) 95 144 

0 656 
I 811 

Anderson, B., A.G. Matches, and C.J. Nelson. 1989. Carbohydrate 
reserves and of 2 921 81:13-16. tillering switchgrass following clipping. Agron. J. 

3 952 116 Anderson, K.L., E.F. Smith, Owensby. 1970. Burning and C.E. 
bluestem range. J. Range Manage. 23:81-92. 
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Previous grazing or clipping affects seed of Indian 
ricegrass 
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Abstract 

Previous heavy grazing for more than 50 years, compared with 
protection from livestock grazing, in the semi-arid area of Chaco 
Canyon in the southwestern United States did not result in any 
sign&ant decrease in seed production potential of Indian rice- 
grass [Oryzopsis hymenoides (Rwm. and Schult.) Ricker]. There 
also were no significant differences in seed production between 
grazed and ungrazed collections of Indian ricegrass from the 
Chaco Canyon study site when transplanted and grown in a com- 
mon garden. This indicated that long-term protection from live- 
stock grazing probably had not genetically (ecotypically) altered 
seed production potential. Both grazed and ungrazed transplants 
of Indian ricegrass dieted in seed production from the cultivars 
‘Paloma’ and ‘Nezpar’. Nezpar produced the greatest seed yield 
(312 kg/ha), while Paloma had the lowest yield (78 kg/ha). 
Defoliation about 1 June over a 2-year period reduced seed pro- 
duction and nitrogen fertilization did not increase seed yield. 

Previous grazing history had little effect on seed germination, 
but there were significant differences in germination among 
some collections and cultivars of Indian ricegrass. Germination 
was less than 5% for all entries. A tetrazolium viability test 
showed that seed of native strains were more viable than those of 
Paloma. Dormancy is a troublesome, but desirable, trait of 
Indian ricegrass seed for use in droughty areas. 

Key Words: Otyzopsis hymenoides, ecotypic variation, protection, 
defoliation, germination, viability 

Use of native-grass seed has increased dramatically in recent 
years. Native grasses are planted frequently in revegetation of 
marginal croplands in the Conservation Reserve Program, on dis- 
turbed areas in National Parks, and in mined land reclamation 
programs. Indian ricegrass [Oryzopsis hymenoides (Roem. and 
Schult.) Ricker] is a cool season native bunchgrass that may be 
useful in reclamation of many arid and semiarid areas in the west- 
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the course of this study. The U.S. Park Service, Bureau of Land Management, and 
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their land for this study. 
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Resumen 

El potential de production de semilla de Oryzopsis hymenoides 
[(Roem. y Schult.) Ricker], de la region semiarida de Chaco 
Canyon en el sudoeste de 10s Estados Unidos, sometida a 50 adios 
de pastoreo intenso no fue significativamente inferior a la de 
lndividuos en clausura. Tampoco se detectaron diferencias en la 
production de semilla de individuos provenientes de Cole&ones 
pastoreadas y protegidas transplantados a un jardin comln. 
Estos resultados indican que las condiciones de protection de 
pastoreo de1 ganado probablemente no afectaron el potential 
genetic0 (cambios ecotipicos) de production de semilla. 
Individuos transplantados de ambos grupos @storeados y pro- 
tegidos) sin embargo, exhibieron una production de semilla 
diferente a la de 10s cultivares. ‘Paloma’ y ‘Nezpar’. El mayor 
rendimiento correspondid al cultivar Nezpar (312 kg/ha) mien- 
tras que el rendimiento mas bajo correspondi al cultivar 
Paloma (78 kg/ha). Defoliaciones producidas ahededor de1 lo de 
junio por un lapso de dos alas redujeron la production de semil- 
La La fertilizacidn con nitrogen0 no increment6 rendimientos. 

La germination se vio poco afectada por la historia de pas- 
toreo, sin embargo se encontraron diferencias significativas de 
germination de algunas colecciones y cultivares de Oryzopsis 
hymenoides. En ningun case se lograron valores superiores al 5% 
de germinaci6n. Pruebas de tetrazolio demostraron que la viabil- 
idad de lineas nativas es superior a la de1 cultivar Paloma. 
Mientras que la dormancia de las semillas de Oryzopsis 
hymenoides constituye una caracteristica problematica, es por 
otro lade un atributo deseable en semillas a utilizar en regiones 
sometidas a sequias. 

ern United States. However, variable seed production 
(Hafenrichter et al. 1968, Booth et al. 1980, Riley et al 1984, 
Fisher et al. 1987, Jones and Nielson 1991) and seed dormancy 
characteristics have limited its use by seed growers and in some 
revegetation programs (Jones 1990). A few improved strains of 
the grass have been developed, but native ecotypes may have 
some desirable characteristics such as drought and salinity toler- 
ance, low seed dormancy, and nutritional qualities that should be 
considered for improvement programs and in revegetation efforts 
(Jones and Nielson 1989). 

High dormancy of Indian ricegrass seed has caused concern for 
many years and a number of studies have been conducted to 
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investigate dormancy mechanisms and methods for breaking dor- 
mancy to improve seed germination of this species (Stoddart and 
Wilkinson 1938, Toole 1940, Clark and Bass 1970, McDonald 
and Khan 1977, Zemetra et al. 1983, Zemetra and Cuany 1984, 
Young and Evans 1984, Young et al. 1985, Jones and Nielson 
1992). Seed dormancy is a mechanism to optimize the distribu- 
tion of germination over time, and its importance is best illustrat- 
ed in an ecological context (Bewley and Black 1982). Seeds of 
many species, including Indian ricegrass, show variability in the 
degree of dormancy and release from dormancy. Thus, they 
exhibit irregular germination. This behavior, which is of consid- 
erable survival value, ensures that not all new seedlings will be 
exposed to hazardous periods after seed germination. Harper 
(1977) pointed out that seed and vegetative dormancy was part of 
the adaptation of organisms to temporal variations in the environ- 
ment, and to successful dispersal. 

The main objectives of this study were to determine how long- 
term heavy grazing (versus protection) and different intensities of 
defoliation affected seed production characteristics of Indian rice- 
grass under both natural and cultivated conditions. Seed yield, 
germination, and viability also were compared among native 
entries and improved cultivars from contrasting origins. 

Cortez Study 
Two collections (grazed and ungrazed) and 2 cultivars (PaIoma 

and Nezpar) of Indian ricegrass were transplanted in late April 
1984 from field material into a split-plot design with 2 nitrogen 
(N) levels (0 and 50 kg/ha) applied on the main plots, 2 defolia- 
tion treatments (unclipped and clipped) on sub-plots, and 4 col- 
lections or cultivars of Indian ricegrass in the sub-sub-plots. Five 
transplants were planted at a spacing of 75 X 75 cm for each 
treatment in 4 replications. Nitrogen and defoliation treatments 
were applied at the same time in early June of 1984 and late May 
1985. The plots were hand weeded whenever necessary. Seeds 
were harvested twice a week from July to August. Seed was col- 
lected and combined as described previously to give total seed 
yield for each plant for the growing season. 

The harvested seed from the Cortez seed production experi- 
ment and the 2 experiments at the Chaco Canyon study site were 
cleaned manually by rubbing them gently on the back of burlap 
carpet with a wooden block that was faced with ridged, hard rub- 
ber stairtread material. Good seed was separated from empty seed 
and ‘fuzz’ by use of a large column (single column height) of a 
seed blower. The cleaned seeds were then weighed. 

Materials and Methods 

Experiments were conducted at 2 study sites (Chaco Canyon, 
N.M. and Cortez, Colo.) located in the Four Comers Region of 
the southwestern United States. The Four Comers Region is the 
southeastern tip of the Great Basin Desert which occupies parts 
of New Mexico, Colorado, Wyoming, Utah, Idaho, Oregon, 
California, Arizona, and most of Nevada. Indian ricegrass is 
widely distributed within and adapted to this region. 

Chaco Canyon Study 

Seed Germination and Viability Studies 
Seed Collection-Seed germination for 6 collections and 3 

other strains of Indian ricegrass was evaluated in a growth cham- 
ber experiment. All seed had been harvested during the summer 
of 1984 and all were tested at 6 to 8 months of age. Seed from 6 
of these entries were collected as 6 bulks from previously grazed 
and ungrazed sites at the Chaco Canyon plots located on hilltop, 
hillside, and swale positions described earlier. Three other strains 
(NAPI, Paloma, and Nezpar) were obtained by special request. 
NAP1 and Nezpar seed was obtained from the Southwest Seed 
Company, Cortez, Colorado. The company had originally collect- 
ed the NAP1 seed as a roadside harvest from the Navajo 
Agricultural Project, Inc. near Farmington, New Mexico. Paloma 
seed was obtained from a certified seed grower in southeastern 
Utah, approximately 90 km northwest of the Cortez study site. 
Seed of the various collections and strains of Indian ricegrass was 
uniformly cleaned with an air-screen seed cleaner and by hand. 
The seed was manually passed through several sizes of screens to 
remove chaff. A blower was used to remove light seeds, chaff, 
and seed fuzz. 

Ten non-defoliated plants of native Indian ricegrass in a natural 
community were selected at random from each of 6 plots in 2 
study areas (grazed and protected). The plots were located at the 
Chaco Canyon study site within and adjacent to Chaco Canyon 
National Monument that was previously described by Trlica and 
Grodho (1989) and Orodho et al. (1990). These plots were locat- 
ed on 3 topographic positions (hilltop, hillside, and swale) within 
each of 2 areas: heavily-grazed for 50 years or more, and protect- 
ed inside the national monument for 50 years. The 3 plots in the 
heavily-grazed area were fenced to exclude livestock during the 
study period. Seeds (strictly florets) were harvested from each of 
the selected plants twice a week from seedripe in mid-June to the 
end of seed production in mid-July. Seeds were shaken from each 
plant into a large paper sack held over the entire plant, and har- 
vests were combined to give total seed yield for each plant for the 
growing season. 

Another experiment was carried out in these same 6 plots. Four 
defoliation intensities (0, 30, 60, 90% removal of photosynthetic 
tissues) were each applied to 4 Indian ricegrass tussocks selected 
at random in each plot and marked. Defoliation was done by clip- 
ping plants at the anthesis stage in early June 1984, and clipping 
was repeated at the same phenological stage in 1985. Seeds from 
these plants were shaken loose and collected in a bag twice each 
week, from the beginning of the first seed ripe stage until the end 
of the seed shatter stage, during 1985. Seed was combined for 
each plant within each treatment for the entire growing season. 

To insure more uniformity of cleaned seeds of the 9 entries, 
only heavy seeds were used. The heavy seeds were separated 
from the light seeds by the density method described by Toole 
(1940). The fully-developed Indian ricegrass seed was heavier 
(denser) than undeveloped seed (Stoddart and Wilkinson 1938). 
Therefore, seeds that did not sink in water after 5 min were 
removed and discarded. Seeds that sank (mature and fully filled) 
were blotted dry, air dried in the sun for 6 hours, and utilized in 
the germination experiment. 

Scarification-A modified commercial scarifier, the same one 
used by Zemetra et al. (1983), was used to scarify seeds for the 
germination experiment. This scarifier used rotating batts to pro- 
pel the seeds against an abrasive surface. To minimize embryo 
damage, a variable rheostat was used to reduce the number of 
revolutions per min (rpm) of the batts to a speed which scarified 
the seeds without crushing them. The seeds of the 9 entries were 
each divided into 2 lots, 1 of which was scarified while the other 
was left as the unscarified control. 
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Seed Weight-Samples of 100 seeds each were randomly 
selected from scarified and unscarified lots for each Indian rice- 
grass entry and weighed. The average weight of 4 samples was 
used as the lOO-seed weight for each of the scarified and non- 
scarified seed treatments for each of the 9 entries. 

Tests were conducted to determine germination percentage and 
viability of the 9 entries of Indian ricegrass as affected by the 2 
scarification treatments. Because of space limitation in the 
growth chamber, and the anticipated work load in carrying out 
tetrazolium chloride (TZ) tests at the end of every germination 
period, each of the 4 replications was run at a different time. 

One hundred seeds of each entry were selected at random for 
each replication and imbibed in water. Seeds were then placed on 
moist blotter paper in 11 X 11 X 2.4-cm clear plastic boxes. 
Seeds of all entries were prechilled in a dark growth chamber set 
at 4” C for 28 days in accordance with rules from the Association 
of Offtcial Seed Analysts (AOSA 1978). Toole (1940) had also 
recommended that prechilling was effective if Indian ricegrass 
seeds were chilled for at least 28 days. The seeds were frequently 
checked during the prechill period and tap water was added 
whenever necessary to maintain the seed in moist conditions. 
After prechilling, the seed boxes were transferred into a dark 
growth chamber which was set at 15” C as recommended by 
AOSA (1978) to allow for seed germination. 

Germination data were taken every 7 days by counting and 
removing germinated seeds (those showing both radicle and 
hypocotyl emergence) from each seed box, which was kept moist 
as needed. Those seeds that had not germinated after 21 days 
were cut in half longitudinally to expose the embryo, and the half 
showing the best mid-section view of the embryo was soaked in a 
0.1% solution of TZ for 4 hours. The seed boxes were placed in a 
chamber at a temperature of 32” C to speed up the TZ reaction. 
Those seeds that developed a distinct brick red color in the 
embryo area were considered viable, but dormant. These numbers 
were then added to the numbers that had already successfully ger- 
minated to get the total number of viable seed. Those seeds that 
showed no reaction to the TZ treatment were considered dead 
(Ebener 1988). 

Data Analysis 
All data on seed yield, seed weight, germination and viability 

percentages were analyzed with factorial analysis of variance 
procedures (Steel and Torrie 1980). When significant differences 
(P < 0.05) were detected, Tukey’s Test was used to separate sig- 
nificant (P IO.05) means. 

Results and Discussion 

Seed Production 
Chaco Canyon Study-Long-term heavy grazing prior to the l- 

year exclusion, compared with 50 years of protection from live- 
stock grazing, had not affected seed production of Indian rice- 
grass at the Chaco Canyon study site (Fig. 1). There were also no 
significant differences in seed yield of plants among the 3 topo- 
graphic positions. There were, however, differences in seed yield 
among the 4 defoliation intensities under both grazed and protect- 
ed conditions. As anticipated, there was a progressive decrease in 
seed yield with an increase in defoliation intensity. The most 
severe defoliation intensity (90%) resulted in a 90% reduction in 
seed yield. 

1 20 

1co 

0 20 

0 00 

Seed Production at Chaco Canyon 
ElGrazed q harazed 

0% 30% 60% 
Defoliation Intensity 

90% 

Fii. 1. Average seed yield (g/plant) for Indian ricegra~ at tbe Cbaco 
Canyon study site as affected by long-term heavy grazing and defo- 
liation intensity. Means for a defoliation intensity at 2 grazing levels 
labeled with a similar lett4x are not sIgnIficantly dEerent (P > 0.05). 

Cortez Study-Nitrogen (N) application at the rate of 50 kg/ha 
during late May or early June of each year did not significantly 
increase seed production of Indian ricegrass grown in a common 
garden at the Cortez study. site during both years of study. 
Therefore, all subsequent data on seed yield were analyzed by 
combining data for the N treatments. It is likely that the applied 
nitrogen did not affect seed yield because moisture was Iimiting 
at the time of N application or that there was ample available 
nitrogen in this cultivated soil for plant growth. 

There was a significant increase in seed yield of transplants of 
Indian ricegrass at the Cortez study site during the second year of 
production (Fig. 2). More seeds per unit of inflorescence were 
produced during the second year. 

Defoliation at the 90% level did not cause any significant 
decrease in seed yield for any collection or cultivar of Indian rice- 
grass at the Cortez study site during 1984, probably because seed 
yield was low during the first year of establishment for the trans- 
plants (Fig. 2A). Clipping, however, did cause a drastic decrease 
in seed yield of both native collections and cultivars of Indian 
ricegrass during 1985 (Fig. 2B). There also may have been some 
carry over effect of clipping from 1984 that resulted in a reduc- 
tion in seed yield when plants were clipped again in 1985. 

There were significant differences in seed yield among the col- 
lections and cultivars of Indian ricegrass tested at the Cortez 
study site (Fig 2). There was, however, no significant difference 
between grazed and ungrazed collections of Indian ricegrass that 
originated from Chaco Canyon. This indicated that long-term 
heavy grazing, versus protection from livestock use for 50 years, 
did not result in the evolution of a different strain of Indian rice- 
grass, at least in seed production potential. However, the Chaco 
Canyon collections differed in seed production from both Paloma 
and Nezpar cultivars. Nezpar produced more seed (312 kg/ha in 
1985) than the Chaco Canyon material (104 kg/ha), and Paloma 
often produced less seed (78 kg/ha) than other strains during the 
2-year study. This indicated that the non-domesticated Chaco 
Canyon ecotype had the potential to produce more seed in the 
Four Comers Region than did the cultivar Paloma that originated 
on the eastern slope of the Rocky Mountains (Anonymous 1974). 
It also showed that a cultivar (Nezpar) originally collected in 
northern Idaho could produce more seed than the local ecotype. 
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Seed Production at Cortez 
1984 

A 0 Unclipped n Clipped 
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T 
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GllUl?d ungrazed Paloma Nezpar 

Collections and Cultivare of Indian Ricegrass 

Fig. 2. Average seed yield (g/plant) for collections and cultivars of 
Indian ricegrass during 1984 (A) and 1985 (B) at the Cortez study 
site as afkted by defoliation. Means for entries labeled with simi- 
lar circled letters are not significantly different (P > 0.05). Means 
for defoliation treatments within each collection or cultivar 
labekd with a similar letter above the bars are not significantly 
different (P > 0.05). Note differences in scale for yields between the 
2 years. 

Seed Germination and Viabiliry 
Seed weight varied considerably among the 9 entries of Indian 

ricegrass tested. The average loo-seed weight from the Chaco 
Canyon collections ranged from 479 to 561 mg. Paloma seed was 
heavier than most Chaco Canyon collections, whereas Nezpar 
had the lightest seeds (Fig. 3A). This strongly suggested that seed 
size is an inheritable characteristic in Indian ricegrass, as noted 
by Zemetra and Cuany (1984). These findings supported work by 
Bohmont and Lang (1957) and Zemetra et al. (1983) who found 
ecotypic differences in seed weight of Indian ricegrass. Young 
and Evans (1984) observed a consistent occurrence of a relatively 
constant ratio of big and small seeds produced by different popu- 
lations of Indian ricegrass, but polymorphism was not noticeably 
present in our study. 

There were significant variations in seed viability 6 months 
after harvest among the different entries of Indian ricegrass. The 
improved Nezpar strain had very high seed viability; whereas, the 
improved Paloma strain had the lowest seed viability (Fig. 3B). 
All collections from Chaco Canyon had higher viability than did 
the Paloma strain. 

Results of seed germination tests indicated that there were no 
significant differences in germination among the native strains 
(Chaco and NAPI) of Indian ricegrass tested (Fig.4). These 
strains had lower seed germination than the improved strain of 

A 
06 r 

Seed Weight and Viability 

GrHt UgHt GrHs Llgtis GrSw vgsw Plm Napi NZP 

Entries of Indian Ricegrass 

Fig. 3. Average seed weight (A) and viability (B) for 9 entries of 
Indiin ricegrass. Means labeled witb a similar letter are not siguif- 
icantly different (P > 0.05). The entries are identified as Gr 
(grazed), Ug (ungrazed), Ht (hilltop), Hs (hillside), SW @vale), Plm 
(Paloma), Napi (Navajo Agricultural Project, Inc.), and Nzp 
(Nezpar). 

Paloma. Seed germination for Nezpar was not different from seed 
germination of native strains. Zemetra and Cuany (1984) found 
that seed weight of Indian Ricegrass was not highly correlated 
with germination percentage, as was found in the present study. 

Mechanical scarification of seed caused a significant increase 
in seed germination of most entries of Indian ricegrass, except for 
grazed and ungrazed hillside populations. This supported results 
obtained by Zemetra et al. (1983) who found that mechanical 
scarification increased germination of Indian ricegrass seed. 
Because of variability in seed weight, size and seed cover thick- 
ness, application of a uniform scarification treatment for Indian 

Seed Germination in a Growth Chamber 
6 

A 

D 

GrHt UgHt GrHs UgHs GrSw UgSw Plm Napi NZP 

Entries of Indian Ricegrass 

Fig. 4. Germination percentage for 9 entries of Indian ricegrass test- 
ed in the growth chamber. Means labeled with a similar letter are 
not significantly different (P > 0.05). The entries are identified iu 
Fig. 3. 
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ricegrass seed is a problem which may explain why some nonuni- 
form germination percentages and stand establishment are 
obtained. Strains of Indian ricegrass have been shown to differ in 
composition of their polymorphic forms and germination charac- 
teristics (Young and Evans 1984). Zemetra and Cuany (1984) 
recommended that lemma thickness be utilized to determine 
proper acid scarification procedures to minimize seed damage 
and maximize germination. 

Summary and Conclusions 

Collections and cultivars of Indian ricegrass had considerable 
variation in seed weight, seed germination, and viability. Long- 
term heavy grazing, versus 50 years of protection from domestic 
livestock grazing, had no significant effect on these characteris- 
tics. Previously-grazed plants that had been protected from graz- 
ing for 1 year did not yield any less seeds than plants that had 
been protected for 50 years in Chaco Canyon National 
Monument. This suggested that either ecotypic differentiation 
had not occurred in the 50 years, or that the 2 populations were 
not isolated. Orodho and Trlica (1990) also found little evidence 
for ecotypic differentiation for biomass production and carbohy- 
drate reserve levels in these Chaco Canyon collections. We tried 
to minimize pollen transport by selecting plots at appropriate dis- 
tances, but there might have been some unknown factors in seed 
transport by wind and animals. 

Defoliation at the beginning of anthesis of Indian ricegrass in a 
natural community at Chaco Canyon reduced seed production, 
and the greatest reduction resulted from the most severe (90%) 
defoliation intensity. Defoliation in late May or early June for 2 
consecutive years in a common garden study near Cortez, 
Colorado resulted in a massive reduction in seed production. 
Therefore, if high seed production is the objective, grazing or 
harvesting of Indian ricegrass forage before seed collection 
should be avoided. 

Collections of Indian ricegrass from the Chaco Canyon study 
site were superior in seed production to Paloma, but inferior to 
the Nezpar cultivar. The 2 collections from the Chaco Canyon 
study site should be evaluated and improved for their promising 
drought tolerance, persistence under heavy grazing (Orodho et al. 
1990), high leaf-to-stem ratio (Trlica and Orodho 1989, Orodho 
and Trlica 1990), and seed production potential for revegetation 
purposes. While Nezpar is a promising strain for seed production 
in southwestern Colorado and areas of higher elevation, the col- 
lections from the Chaco Canyon study site might be useful to 
develop a strain adapted to the vast semiarid and arid areas of the 
Four Comers Region that receive low annual precipitation. 

Seed viability of native strains of Indian ricegrass was consis- 
tently high, while seed germination for these strains was consis- 
tently low. This suggested a dormancy mechanism that may be of 
significant biological value for the long-term successful survival 
of this species under semiarid or arid conditions. It is probable 
that this mechanism has allowed native Indian ricegrass to opti- 
mize the timing of germination for its successful perpetuation in a 
harsh environment with erratic and low rainfall. A plant improve- 
ment program should not jeopardize the long-term survival mech- 
anism of this species through development of a drought resistant 
strain free of its useful dormancy trait. 
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Abstract 

Knowledge of root response, as well as shoot response, to defo- 
liation is needed to manage grasslands in environments where 
water and/or nutrients are limiting. The objective of this study 
was to document the response of sand bluestem (Andropogon ha& 
Zii Hack.) roots and shoots to different times and frequencies of 
defoliation. Individual sand bluestem plants were grown in 15 X 
lOO-cm polyvinyl chloride (PVC) containers which were placed 
in the plants’ natural setting. Twelve plants (replications) were 
clipped to a 7cm stubble height during mid-month for each of 
the following defoliation schedules: 1) June, July, and August; 2) 
June and August; 3) June; 4) July; 5) August; and 6) October. 
The October defoliation, after shoot senescence, served as the 
control. Multiple defoliations reduced (P < 0.05) root weight, root 
area, root length, and weight of total nonstructural carbohy- 
drates (TNC) in roots by an average of 33, 42, 43, and 34 % , 
respectively, compared to control plants. A single defoliation in 
June only reduced root weight, root area, root length, and weight 
of TNC in roots by 14,19,16, and 13 40, respectively, compared 
to control plants. Defoliating plants during the growing season 
did not affect (P > 0.05) number of tillers, weight per tiller, 
above-ground weight, number of buds, weight of rhizomes, or 
weight of TNC in rhizomes. Grazing sand bluestem more than 
once during the growing season may reduce root growth and 
diminish its ability to compete for water and nutrients. Grazing 
during the dormant season or once during the early part of the 
growing season should be least detrimental to sand bluestem. 

Key Words: Andropogon h&i, clipping, root area, root length, 
total nonstructural carbohydrates 

Plant response to defoliation has been the objective of numer- 
ous research projects (Ellison 1960, Jameson 1963, Belsky 1986). 
Most studies have focussed on shoot response to defoliation. 
However, Stanton (1983) and Richards (1984) reported that defo- 
liation reduced root production more than shoot production. Since 
moisture and/or nutrients are limiting factors for plant growth in 
many environments, it is also important to quantify root response 
to defoliation. 

Published as paper number 11,000, journal series, Nebraska Agriculture 
Research Division. 
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Sand bluestem (Andropogon h&i Hack.) is a warm-season, 
rhizomatous, tall-grass species which is preferred by all classes of 
livestock (Stubbendieck et al. 1985). It contributes about 20% to 
dry matter production on good to excellent condition range sites 
in the Nebraska Sandhills. It is classified as a decreaser and is one 
of the first species to decline in the vegetation composition under 
excessive grazing pressure. The objective of this study was to 
determine the effect of time and frequency of defohation on roots 
and shoots of individual sand bluestem plants. 

Materials and Methods 

Study Area 
This study was conducted from 1989 through 1992 at the 

Gudmundsen Sandhills Laboratory located about 11 km northeast 
of Whitman, Nebraska. The location was on a typical sands range 
site as described by Burzlaff (1962) and Nichols et al. (1984). 
The soil was Valentine fine sand (mixed, mesic Typic 
Ustipsamment). Vegetation was dominated by sand bluestem, 
prairie sandreed [Calamovilfa longifolia (Hook.) Scribn.], and lit- 
tle bluestem [Schizachyrium scoparium (Michx.) Nash]. Thirty- 
year (1961-1990) average annual precipitation for the area was 
535 mm of which about 70% fell from May through September 
(Owenby and Ezell1992). 

Plant Establishment 
A containerized technique (Engel et al. 1993) which facilitated 

recovery and study of complete individual plants was used. Sand 
bluestem rhizomes with associated buds and roots were collected 
by excavating a 15 X 15 X 25-cm block of soil around vegetative 
tillers produced the previous year. Rhizomes were gathered in 
mid-April of 1989 from a l,OOO-m2 area within the study site. 
Excavated soil was sifted to remove other plant material and used 
for planting rhizomes and associated buds and roots in 15-cm 
diameter pots. Plants were grown in a greenhouse for 3 weeks 
and outside (covered at night to prevent freezing) for 1 week. 
Most plants developed only 1 tiller while in the greenhouse. 
Secondary tillers were removed to standardize plant material 
prior to transplanting to containers in the field. Additional prun- 
ing was not done after plants were established in the containers. 

Containers were constructed from 15 X lOO-cm polyvinyl chlo- 
ride (PVC) pipe. Holes were drilled with a tractor-mounted auger 
in a 1.5-m grid. Containers were placed into the holes with their 
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top edges even with the soil surface. Soil collected on a tarp 
placed around the auger was sifted to remove plant material and 
placed inside containers with near natural stratification. 

Plants were transplanted to PVC containers during mid-May 
while at the 2- to 3-leaf growth stage. Soil in each tube was satu- 
rated with water at transplanting. Grasshoppers were controlled 
by applying Fenvalerate [cyano(3-phenoxyphenyl) methyl4- 
chloro-alpha-( 1-methylethly) benzeneacetate] around the perime- 
ter of the study area. Plants were allowed to grow for 1 year 
before defoliation treatments were imposed. Dead tillers were 
removed at ground level before growth began the second year. 

Experimental Design and Defoliation Treatments 
Experiment 1, initiated in 1989, consisted of the first growing 

season when plants established, a second growing season when 
defoliation treatments were imposed and above-ground plant 
variables measured, and the third spring when plants were 
extracted and below-ground variables measured. This complete 
experiment was repeated (experiment 2) beginning 1 year after 
the first experiment was initiated. The only procedural difference 
between the 2 experiments was that plants established in experi- 
ment 1 required a small amount of supplemental water in June of 
1989 due to the dry spring (Table 1). Water was added when 
plants appeared wilted to insure plant survival. 

Table 1. Deviations of precipitation recorded at the study site from 30- 
year monthly averages for May through September, 1989-1991. 

Month 

May 
Jun 

Jul 

Ax 

Average’ 1989 1990 1991 
-__-----_------__- (mm) ---------------.-- 

89 -38 +26 +21 
92 -65 -38 +51 
81 -51 448 -11 
60 -25 -11 +31 

Sep 45 -04 -25 +02 
‘Owenby and Ezell(lW2), Mullen 21 NW Station. 

The experimental design was completely randomized with 12 
replications of 6 defoliation treatments. An experimental unit 
consisted of all plant parts collected from a container. Defoliation 
treatments were imposed during the second growing season and 
consisted of clipping all tillers within a container to a 7-cm stub- 
ble height at mid-month for the following schedules: 1) June, 
July, and August; 2) June and August; 3) June; 4) July; 5) 
August; and 6) October. Previous measurements taken on sand 
bluestem tillers grazed by cattle indicated that the average bite 
point was 7 cm above the ground regardless of time, intensity, or 
frequency of grazing during the growing season (Unpublished 
data, Engel et al.). Plants defoliated in October, following shoot 
senescence, served as the control. 

Data Collection 
Number of tillers per plant was recorded every 2 weeks starting 

in May during the second growing season. Leaves and tillers that 
died during the growing season and plant material removed by 
clipping were collected from each plant. This material was com- 
bined with an end-of-season (mid-October), ground-level harvest 
to determine total, above-ground, seasonal dry matter production 

and average production per tiller for each plant. All plant material 
was oven-dried at 50” C for at least 96 hours prior to weighing. 
Water status of containerized plants was compared with native 
plants grown under natural conditions by measuring xylem ten- 
sion of the youngest colIared leaf with a PMS pressure chamber. 
Twelve containerized plants and 12 plants from the native plant 
community were measured about 1 hour before sunrise at mid- 
month during June, July, and August of the treatment year. 

Containers were left in the ground over winter and removed 
prior to shoot growth the following spring. This was done to eval- 
uate the amount of roots and total nonstructural carbohydrates 
(TNC) available for growth in the spring following the year of 
defoliation. Intact soil columns were removed from containers 
and soil was washed from roots with a gentle spray of water. 
Cleaning was further facilitated by submerging roots in a shallow 
pan of water. Rhizomes and dead stem bases were removed from 
roots and number of buds was counted on each rhizome. Length 
and area (2-dimensional) of roots were measured with a Decagon 
AgVision Computer Imaging System. Rhizomes and roots were 
oven-dried at 50” C and weighed. 

Plant material from the 12 replications within a treatment were 
randomly combined (3:l) into 4 replications in order to obtain 
sufficient material for TNC analysis of rhizomes and roots. Roots 
and rhizomes were ground through a 2-mm screen using a Wiley 
mill and then through a l-mm screen using a U/D cyclone mill. 
Nonstructural carbohydrates were extracted with 0.2 N sulfuric 
acid as described by Smith et al. (1964) and quantified on a glu- 
cose equivalent basis by using iodometic titration developed by 
Heinze and Mumeck (1940) with modifications of reagents as 
suggested by the Association of Official Agriculture Chemists 
(1965). Weight of TNC was calculated by multiplying the deci- 
mal equivalent of percent concentration and weight of corre- 
sponding plant material. 

Data Analysis 
Analysis of variance for a series of experiments was performed 

as described by Cochran and Cox (1957) using the Statistical 
Analysis System (SAS) for micro-computers. Two plants (repli- 
cations) were lost due to rodent damage during each experiment. 
To account for this loss, the general linear model procedure with- 
in SAS was used to test for experiment X treatment interactions, 
experiment main effects, and treatment main effects at the 0.05 
level of probability. Experiment X treatment interactions were 
tested with residual mean squares and main effects were tested 
with experiment X treatment mean squares. When significant 
effects were detected, the least-squares means procedure within 
SAS was used to separate means. 

Results 

Containerized and adjacent, naturally-growing plants appeared 
similar in size throughout the study. Leaf xylem tension did not 
differ between containerized and native plants, except in July 
1990 (Table 2). This indicated that containerized and native 
plants were under similar water regimes. The reason for the July 
discrepancy was not apparent. There were no significant experi- 
ment X treatment interactions, therefore only main effects are 
discussed. All stated reductions of measurements due to defolia- 
tion are related to the control (October defoliated plants). 
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Table 2. Average leaf xylem tension of native and containerized sand Table 4. Average concentration of TNC in rhizomes of sand bluestem 
bluestem plants. Measurements were taken 1 hour before sunrise prior plants defoliated at different times and frequencies. 
to defolia6on treatments in June, July, and August of 1990 and l!%l. 

Plants 

Time of 
June July Awust Defoliation TNC 

1990 1991 1990 1991 1990 1991 (C&l 
-------------------(-kPa)------------------- 

Native 80.4 a’ 103.4 a 101.1 
Jun-Jul-Aug 

a 14.7 a 295.9 a 17.6 a 

Container 19.3 a 103.4 a 195.4 b 71.6 
Jun-Aug 

a 287.3 a 71.6 a Jun 

x1-1 

9.9 a’ 
9.2 b 
9.2 b 

‘Means within a column followed by the same letter are not significantly different (P > 
0.05). Jul 

Au8 

10.1 a 
9.0 b 

Root and Shoot Responses to Defoliation 
Tiller and bud production were not affected by clipping treat- 

ments or experiments. Average number of tillers produced by an 
individual plant was 7.9 (SE=0.3), average weight per tiller was 
0.51 g (SE=0.02), average weight per plant was 3.59 g 
(Sm. 1 l), and average number of buds produced per plant was 
45.7 (SJG1.2). Defoliation did not affect average rhizome weight 
per plant. However, average rhizome weight was greater for 
plants in experiment 1 (1.50 g) than in experiment 2 (1.14 g). 

Root production was greater for plants in experiment 1 (7.22 g) 
than in experiment 2 (5.52 g). Root weight was lower for all 
plants defoliated during the growing season compared to control 
plants (Table 3). Multiple defoliations reduced root weight by 
33%, while a single defoliation in June only reduced root weight 
by 14%. 

Average root area was larger for plants in experiment 1 (619 
cm*) than in experiment 2 (417 cm’). Average root length was 
also larger for plants in experiment 1 (95.8 m) than in experiment 
2 (56.8 m). Root area and length were reduced by defoliation dur- 
ing the growing season compared to control plants (Table 3). 
Multiple defoliations reduced both root area and length by about 
43%. A single defoliation in June reduced root area by 19% and 
root length by 16%. 

Table 3. Average total root weight, root area, root length, and weight of 
TNC iu roots of sand bluestem plants defoliated at different times and 
frequencies. 

Time of Weight of 
Defoliation Root Weight Root Area Root Length TNC in Roots 

Jun-Jul-Aug 
Jun-Aug 
Jun 
Jul 
Au8 
act 

(8) (cm*) m(m) (9) 
5.36 a’ 415 a 60.0 a 0.63 a 
5.41 a 408a 60.2 a 0.62 a 
6.92 c 582~ 87.9 c 0.83 c 

6.06 b 477 b 71.2 b 0.71 b 
6.41 be 513b 73.8 b 0.71 b 
8.04 d 715 d 104.9 d 0.95 d 

‘Means within a column followed by the same letter are. not significantly different (P > 
0.05). 

Nonstructural Carbohydrate Response to Defoliation 
Concentration of TNC in sand bluestem roots was not affected by 

clipping treatments or experiments. Average concentration of TNC 
in roots was 11.6% (SE=O.l). Average weight of TNC in roots 
was larger for plants in experiment 1 (0.85 1 g) than in experiment 
2 (0.634 g). Defoliation during the growing season also reduced 
weight of TNC in roots (Table 3). Multiple defoliations reduced 
the weight of TNC in roots by 34%, while a single defoliation in 

Ott 10.1 a 

‘Means within column followed by the same letter are not signiticaatty different (P > 
0.05). 

June only reduced the weight of TNC by 12% compared to con- 
trol plants. 

Defoliation did not consistently reduce concentration of TNC 
in rhizomes, and the total range in concentration was only 1.1 
percentage points (Table 4). Experiments did not affect concen- 
tration of TNC in rhizomes. Defoliation did not affect weight of 
TNC in rhizomes. However, average weight of TNC in rhizomes 
was greater for plants in experiment 1 (0.147 g) than in experi- 
ment 2 (0.108 g). 

Discussion 

Root and Shoot Response to Defoliation 
Reports of plant response to defoliation have been mixed. 

Jameson (1963) cited results from defoliation studies that ranged 
from increases to decreases in above-ground productivity. 
Severity, frequency, time of year, plant species, and environmen- 
tal conditions all influence plant response to defoliation. Jameson 
also indicated that more than 1 year of defoliation may be 
required to evaluate the response of above-ground production. 
Above-ground production of sand bluestem was not affected by 
defoliation during this study. However, it should be stressed that 
this was a short-term study, and detrimental effects may appear if 
defoliation treatments are continued over a longer period. 

Belsky (1986) indicated that both shoot and root responses 
should be considered when evaluating the effect of defoliation on 
grasses. Biswell and Weaver (1933), Crider (1955), Baker 
(1957), Santos and Trlica (1978), and Harradine and Whalley 
(1981) reported reductions in root growth following defoliation. 
These studies utilized several cool- and warm-season grasses, 
including big bluestem (Andropogon gerardii Vitman). Results 
from this study support their findings because root weight, area, 
and length of sand bluestem were reduced by defoliation during 
the growing season, with multiple defoliations having the largest 
impact on root growth. 

While washing soil from roots, we observed that roots from 
some plants grew to the bottom of the container and then accu- 
mulated by branching and growing around the inside of the con- 
tainer. This was especially evident for plants receiving a single 
defoliation in October or June. 

Weinmann (1948), May (1960), Jameson (1963), Stanton 
(1983), and Richards (1984) indicated that defoliation may affect 
roots to a larger extent than shoots. Their conclusions were drawn 
from studies on a variety of cool- and warm-season grass species. 
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Stanton (1983) and Richards (1984) stated that allocation priority Grazing strategies which increase the probability of individual 
of nonstructural carbohydrates shifted toward shoot growth and tillers being defoliated multiple times during the growing season 
away from root growth following defoliation of grazing sensitive may be harmful to preferred species such as sand bluestem. 
species. Results from this study support their conclusions because Grazing during the dormant season or once during the early part 
a single year of defoliation during the growing season did not of the growing season should be least detrimental to species such 
reduce shoot production, but it did reduce root production. as sand bluestem. 

Weaver (1930) and Ellison (1960) indicated that root growth 
was important to the competitive ability of plants. When root 
growth is reduced, ability of plants to compete for water and 
nutrients is also reduced. This is especially important in semi-arid 
and arid environments where water and nutrients are limiting. 
Defoliating sand bluestem during the growing season reduced 
root growth, with multiple defoliations resulting in the greatest 
reductions. This indicates that preferred species such as sand 
bluestem could be put at a competitive disadvantage in grazing 
situations. 
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defoliation. However, when expressed on a weight basis, defolia- 
tion reduced TNC in roots. 
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Reductions in TNC content can have significant effects on plant 
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Abstract 

In developing an improved understanding of the dynamics of 
understory plant composition and productivity in Coastal Plain 
forest ecosystems, we examined the intluence of site preparation 
and phosphorus fertilization on the successional trends of shrubs 
and herbaceous plants growing on lands of widely ranging sub- 
soil texture in Arkansas, Louisiana, and Texas which are man- 
aged for southern pine production. Burn-inject, chop-burn, 
chop-burn-disk, double-chop, shear-burn, shear-windrow, and 
shear-windrow-disk site preparation methods were applied in a 
completely randomized split-plot design to sites with subsoil tex- 
tures consisting of loam, gravelly-clay, silt, silty-clay, and clay, 
both fertilized with 73.4 kg P/ha and unfertilized. Site prepara- 
tion method, subsoil texture, and fertilization intluenced produc- 
tion of paspalums and other forhs the first growing season fol- 
lowing treatment, but no treatment combination affected plant 
groups in subsequent years. Total herbaceous production 
increased 24 to 35fold over pretreatment levels the fust growing 
season after treatment. While site preparation methods had little 
influence on herbaceous biomass, subsoil texture affected herba- 
ceous production the first year after treatment, with loam sub- 
soils being most productive. Although annual composites were 
the most abundant herbaceous group the first year after treat- 
ment, they were largely replaced by perennial grasses by the 
third post-treatment growing season. By the seventh growing 
season following treatment, herbaceous production declined on 
all subsoil textures with composition and yield approximating 
pretreatment estimates. Subsoil texture influenced shrub density 
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only in the first and third growing seasons after treatment. 
During the fast few years after site preparation, herbaceous pro- 
duction appeared inversely related to shrub density. In the fust 
and third post-treatment growing seasons, fertilization signifi- 
cantly increased total herbaceous production and biomass of 
composites and legumes. But 7 years after application, total 
herbaceous production and biomass of bluestems, other grasses, 
and sedges was greater on unfertilixed areas. The absence of dii- 
ferences among treatments by the seventh post-treatment grow- 
ing season indicates an overall long-term similarity in the degree 
of disturbance caused by application of each method in this 
ecosystem. 

Key Words: interspecific competition, plant succession, herba- 
ceous biomass, disturbance, forest soils, phosphorus 

Forest land managers of the Gulf Coastal Plain in Arkansas, 
Louisiana, and Texas routinely apply a wide array of vegetation 
control techniques to improve establishment of loblolly pine 
(Pinus tuedu L.). In the southern United States during 199i, pine 
was planted on over 708,000 ha (Mangold et al. 1992), most of 
which received some form of site preparation. Major categories 
of site preparation, which may be used as singular or combination 
treatments to reduce competition before tree planting, include (1) 
mechanical manipulation, (2) chemical application, and (3) pre- 
scribed fire. 

Prescribed fire is known to effectively control small hardwood 
trees after larger merchantable pines have been harvested 
(Williamson 1964, Mann 1979). Mechanical manipulation (e.g., 
shearing, chopping, disking) or herbicide application (alone or in 
various combinations with fire and mechanical treatments) gener- 
ally provide a greater degree of vegetation control than when fue 
is used alone in stands consisting of larger hardwood trees 
(Trousdell and Langdon 1967, Grano 1970, Trousdell 1970, Cain 
1985, Tiarks and Haywood 1986, Slay et al. 1987). 

Herbaceous understory plants are also known to respond to site 
preparation for pine regeneration. Significant changes at the 
species level were noted, with a differential response of grasses to 
differing site preparation methods (Schultz 1976). Within 1 year 
of treatment, the standing biomass of competing vegetation 
(woody and herbaceous plants) was influenced by site prepara- 
tion methods (Slay et al. 1987). Herbaceous production increased 
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during the fiit 4 years after fertilization regardless of the level of 
competition control (Tiarks and Haywood 1986). Twelve years 
after treatment, greater herbaceous plant yield was reported on 
control plots than on areas which had been cultivated or cultivat- 
ed and fertilized (Wolters and Schmidtling 1975). 

Although the body of scientific information regarding the 
response of herbaceous plants to various site preparation methods 
is developing, currently available information is inadequate to 
comprehensively support informed land management decisions 
concerning the wide array of ecosystem resource values. This 
study was initiated to further enhance the body of technical infor- 
mation which over time quantifies the response of understory 
woody and herbaceous plant species to a variety of mechanical, 
chemical and burning treatments with and without supplemental 
phosphorus fertilization on forest soils typical of the Gulf Coastal 
Plain of Arkansas, Louisiana, and Texas. While earlier reports 
regarded understory plants collectively as “competing vegetation” 
with respect to regeneration of the pine overstory (Walters et al. 
1995), this study focuses upon the dynamics of individual plant 
species and groups. 

Materials and Methods 

Study Sites 
We conducted this study on the Gulf Coastal Plain of southern 

Arkansas, northwestern Louisiana, and eastern Texas where the 
forest land is managed for loblolly and shortleaf pine (Pinus echi- 
nuta Mill.) production. The climate in this region is characterized 
as semi-humid subtropical. The frost-free season is approximately 
235 days and extends from mid-March to mid-November. AMU~ 
precipitation averages about 1,400 mm, with more than 80 mm 
incident each month and about 640 mm arriving during the April 
through September growing season (Wolters et al. 1977). 

Soils in this region are predominantly ultisols with surface A 
horizons typically ranging from sandy to silty loam. Our study 
sites were divided into 5 groups based upon the textural class of 
the B horizon of the dominant soil series. The textural classes, 
from coarsest to finest, consisted of loam, gravelly-clay, silt, 
silty-clay, and clay. Ruston (fine-loam, siliceous, thermic Typic 
Paleudult), Kirvin (clayey, mixed, thermic, Typic Hapludult), 
Henry (coarse-silty, mixed, thermic Typic Fragiaqualf), Sawyer 
(fine-silty, siliceous, thermic Aquic Paleudult) and Boswell (fine, 
mixed, thermic Vertic Paleudalf), respectively, were the represen- 
tative series for the 5 textural classes. Detailed descriptions of the 
soils present on these study sites are found in Haywood and 
Burton (1990). 

Overstory vegetation was dominated by a mixture of loblolly 
pine and shortleaf pine, in substantially varying proportion. 
Hardwood trees formed a moderately dense midstory consisting 
predominantly of white oak (Quercus albu L.), southern red oak 
(Quercus falcatu Michx.), post oak (Quercus stellata Wangenh.), 
sweetgum (Liquidambar styraciflua L.), mockernut hickory 
(Curya romentosa (Poir.) Nutt.), blackgum (Nyssa sylvatica 
Marsh.), flowering dogwood (Cornus jlorida L.), and red maple 
(Acer rubrum L.). American beautyberry (Callicarpa americana 
L.), yaupon (Hex vomitoria Ait.), greenbriers (Smilax spp.), blue- 
berries (Vuccinium spp.), hawthorns (Crutuegus spp.), and a mix- 
ture of small hardwood trees were common woody understory 
species. Little bluestem (Schizachyrium scoparium (Michx.) 
Nash) was usually the major grass in forest openings. Longleaf 
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uniola (Chasmanthium sessiliforium (Poir.) Yates) and spike 
uniola (Chasmanthium laxum (L.) Yates) were associated with 
little bluestem where the overstory was moderately dense. Both 
uniola species occurred in nearly pure, though sparse, stands on 
heavily shaded sites. Many other grasses, legumes, and compos- 
ites were common but ordinarily produced little herbaceous bio- 
mass prior to treatment. Study sites are described in greater detail 
by Wolters et al. (1977) and Haywood and Burton (1990). 

Merchantable timber was harvested from 26 selected study 
sites prior to application of experimental treatments. Following 
harvest, nonmerchantable woody plants greater than 2.54 cm 
diameter at breast height (d.b.h.) averaged about 6,700 stems per 
ha and contained a mean basal area of 16.5 m’/ha (Wolters et al. 
1977). Study plots were selected based on the presence of a mini- 
mum hardwood density of 1,235 stems/ha and a basal area of 4.6 
m*/ha prior to site preparation. 

Experimental Design and Treatments 
A completely randomized split-plot experimental design was 

established on the 26 study sites. Thirty-five treatments consist- 
ing of 7 site-preparation methods applied across 5 subsoil textural 
classes were replicated twice. Site-preparation treatments were 
applied to rectangular 43.9 X 46.3 m (2,033 m’) plots. In some 
cases, multiple (but not necessarily all 7) site preparation plots 
were installed at a single location (for 1 subsoil texture). The site- 
preparation treatments consisted of: 

1. Bum-inject = Plots were burned to reduce logging slash and 
residual live plant material. Remaining live pines and hard- 
woods greater than 2.54 cm d.b.h. were manually injected 
with 2,4-D [(2,4-dichlorophenoxy) acetic acid] during the 
spring. Soil surface disturbance was minimal. 

2. Chop-bum = Plots were chopped with a crawler tractor- 
drawn rolling drum chopper and burned after fine fuels had 
dried. 

3. Chop-bum-disk (referred to as chop-disk) = This treatment 
was the same as the chop-burn method, except after bum- 
ing, plots were tilled with a crawler tractor-drawn disk. 

4. Double-chop = Plots were chopped with a crawler tractor- 
drawn rolling drum chopper and then rechopped after sever- 
al days to several weeks, usually at an angle perpendicular 
to the initial chop. 

5. Shear-bum = Pine and hardwood trees remaining on the plot 

6. 

7. 

were felled by a shearing blade mounted on a crawler tractor 
and the plot was burned when fine fuels had dried. 
Shear-windrow = Remaining pine and hardwood trees were 
felled as with the shear-burn method, then piled into 
windrows with brush rakes. 
Shear-windrow-disk (referred to as shear-disk) = This treat- 
ment was the same as shear-windrow except the cleared area 
between windrows was cultivated with a crawler tractor- 
drawn disk. 

Each experimental plot was then split into 43.9 X 15.2 m (667 
m*) fertilized and 43.9 X 3 1.1 m (1,365 m*) unfertilized portions. 
The fertilization treatment consisted of a single surface broadcast 
application of 168 kg P205 triple superphospate/ha (73.4 kg 
P/ha), prior to planting loblolly pine seedlings (Haywood and 
Burton 1990). 

Loblolly pines (1 + 0 seedlings) were then planted at a 1.8 X 
2.4 m spacing during the winter preceding herbicide injection of 
hardwoods or in the winter after mechanical site preparation. The 
first replication of 35 plots at 12 locations was planted during 
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winter 1971 and the second replication of 35 plots at 14 locations Table 1. Subsoil texture influence on herbaceous production the first 

was planted mostly during winter 1972 and completed during growing season following treatment. 

winter 1973. 
Subsoil Texture 

gravelly- silty- 
Vegetation Measurements loam clay silt clay clay 

Oven-dry weight of herbaceous plant material (by species or ----------------(kg/ha)---------------- 
species group: bluestems, panicums, paspalums, uniolas, other 
grasses, rushes, sedges, composites, legumes, and other forbs) 
was estimated in 20 quadrats 0.89 m* in size on each split plot 
using a weight-estimate procedure (Pechanec and Pickford 1937). 
All grass species other than bluestems, panicums, paspalums, and 
uniolas were included in the “other grasses” category and forbs 
other than composites and legumes were included in the “other 
forbs” category. Density and crown cover of shrubs (shrubs, 
vines, and hardwood seedlings less than 2.54 cm d.b.h) were esti- 
mated ocularly in four 4.05 m* circular quadrats on each split 
plot. Herbaceous production, shrub density and crown cover were 
sampled during fall of the first, third , and seventh growing sea- 
sons after loblolly pine seedlings were planted. Loblolly pine sur- 
vival and growth data were reported by Haywood and Burton 
(1990). Identification and scientific nomenclature for plant 
species are consistent with Grelen and Hughes (1984) and the 
USDA Soil Conservation Service (1982). Common plant names 
generally follow those of Grelen and Hughes (1984) and Kelsey 
and Dayton (1942). 

Data Analysis 
Data collected the first and third years after treatment were ana- 

lyzed by analysis of variance for a split plot design with 2 replica- 
tions. Main effects plots for each of 5 subsoil textural classes and 
7 site-preparation methods were divided into fertilized and unfer- 
tilized portions as previously described. Data from replication 2 
were not available for analysis in the seventh year, so the analysis 
was modified to assume negligible interaction and only tested for 
main effects. Main effects were separated using Scheffe’s Test 
(Steele and Torrie 1980) at the 0.05 probability level. When sig- 
nificant interactions were detected, we combined the interacting 
variables as a new treatment group for testing by one-way analysis 
of variance. If the analysis revealed homogeneity of variance, 
treatment means were tested by Tukey’s T-test. Where variance 
heterogeneity was observed, treatment means were tested by 
Dunuett’s multiple comparison test (Dunnett 1980). 

Results and Discussion 

Subsoil Texture Effects 
Subsoil texture significantly influenced aboveground biomass 

production of bluestems, panicums, paspalums, other grasses, 
sedges, and other forbs the first growing season following treat- 
ment (Table 1). These herbaceous groups were generally more 
productive on loam subsoil with very low to minimal production 
on silt subsoil. Paspalums and other forbs were also highly pro- 
ductive on clay subsoil. Broomsedge (Andropogon virginicus L.), 
arrowfeather threeawn (Aristida purpurascens Poir.), shaggy 
crabgrass (Digitaria villosa (Walt.) Pers.), violet crabgrass 
(Digitaria ischaemum var. violascens (Link) Radf.), vaseygrass, 
brownseed paspalum, gaping panicum (Sreinchisma hians (Ell.) 
Nash), and beaked panicum (Panicum anceps Michx.) were the 

Bluestems 
Panicums 
Paspalums 
Uniolas 
Other Grasses 
Rushes 
Sedges 
Composites 
Legumes 
Other Forbs 
Total Herbage 

154a 
291a 

21ab 
161 
461a 

28 
76a 

1,004 
37 

420a 
2,659 

30b 
83c 

3b 
109 
62b 

3 
13b 

1,246 
34 

189b 
1,172 

25b 
69c 

4b 
154 

46b 

29b 
1,496 

19 
25Oab 

2,099 

8.5~ 18Ob 
1Oab 80a 
28 27 
71b 63b 
2.5 49 
55ab 62ab 

1,639 1,463 
29 47 

173b 534a 
2,321 2,581 

Means in the same row followed by a different letter are significantly diierent at the 
0.05 level; absence of letters within roows indicates no significant differences. 

most common perennial grass species regardless of subsoil tex- 
ture. Annual and other early invader grasses such as oldfield 
threeawn (Aristida oligantha Michx.), slimspike threeawn 
(Aristida longespica Poir.), churchmouse threeawn (Aristida 
dichotoma Michx.), fringeleaf paspalum (Paspalum setaceum 
var. cilirtfolium (Michx.) Vasey), and hurrahgrass were also com- 
mon. On gravelly-clay and loam subsoils, paspalums such as 
roundseed paspalum, dallisgrass, Florida paspalum, field pas- 
palum (Paspalum laeve Michx.), fringeleaf paspalum, and hur- 
rahgrass were quite common, as were other grasses such as pur- 
pletop (Tridens flavus (L.) Hitchc.) and purple lovegrass 
(Eragrostis spectabilis (Pursh) Steud.). Red-top panicum 
(Panicum agrostoides Spreng.), vaseygrass, and bent-awn 
plumegrass (Erianthus contortus Baldw. ex Ell.) were more com- 
mon on silty-clay and clay subsoils. Pinehill beakrush 
(Rhynchospora globularis (Chapm.) Small) and fringed 
razorsedge (Scleria ciliata Michx.) were generally the most com- 
mon sedges on all subsoil textures and rough buttonweed, a low 
growing early seral species, was the most common other forb on 
all subsoils the first growing season after treatment. 

Composites were the most productive herbaceous group on all 
subsoils the first growing season following treatment. Dogfennel 
(Eupatorium capilhfohum (Lam.) Small) was dominant on loam, 
silt, silty-clay, and clay subsoils mixed with lesser amounts of 
other composites such as annual horseweed (Conyza canadensis 
var. pusilla (Nutt.) Cronq.), common ragweed (Ambrosia arteme- 
siifolia L.), bitter sneezeweed (Helenium amarum (Raf.) Rock), 
and tall goldenrod (Solidago altissima L.). Late eupatorium 
(Eupatorium serotinum Michx.) was dominant on gravelly-clay 
subsoils the first growing season after treatment with lesser 
amounts of other composites such as dogfennel, annual horse- 
weed, tall goldenrod, and common ragweed. 

Three growing seasons following treatment, bluestems, pan- 
icums, paspalums, and sedges continued to be highly productive 
on loam subsoil with low to minimal biomass production on 
gravelly-clay and silt subsoil (Table 2). Total herbaceous above- 
ground biomass was also greatest on loam. From the first to third 
growing season after treatment, the importance of broomsedge 
and slender bluestem (Schizachyrium tenerum Nees) increased 
substantially, as did red top panicum, beaked panicum, and gap- 
ing panicum. Invasive early seral and annual species declined 
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Table 2. Subsoil texture influence on herhaceous production the third Table 4. Subsoil texture influence on herbaceous production seven grow- 
growing seaSOn following treatment. ing seasons following treatment. 

Subsoil Texture Subsoil Texture 
gravelly- silty- gravelly- silty- 

lOalIt clay silt clay Clay loam clay silt clay clay 
----------------(kg/ha)-----.-.-------- 

Bluestems 998a 299cd 244d 720ab 497bc 
Panicums 874a 247bc 188c 237~ 500ab 
Paspalunls 169a 9b 22ab 34ab 55ab 
Uniolas 232 241 239 118 75 
Other Grasses 53 45 44 74 75 
Rushes 98ab 2c 13bc 40b 124a 
Sedges 128a 19b 39b 93ab 98a 
Composites 142b 526a 375a 480a 647a 
Legumes 47 184 123 126 206 
Other Forbs 155 158 174 252 231 
Total Herbage 2,8%a 1,730bc 1,461~ 2,174b 2,508ab 

Means in the same row followed by a different letter are significantly different at the 
0.05 level; absence of letters withii rows indicates no significant differences. 

with time subsequent to site preparation. A similar trend was 
reported by Haywood et al. (1981). Three to 6 years after herba- 
ceous weed control for loblolly pine regeneration in Alabama, the 
importance of broomsedge increased while that of annual horse- 
weed diminished (Britt et al. 1991). 

Rushes and composites were most productive on clay subsoil, 
although rushes were equally productive on loam. Composites 
were least productive on loam subsoils. Other forbs diminished 
substantially on most sites from the first year after treatment, due 
largely to a precipitous decline in rough buttonweed. 

Shrub density was significantly greater on gravelly-clay subsoil 
the first and third growing seasons following treatment than on 
loam subsoil (Table 3). No other differences in shrub density 
were observed. While shrub crown cover also appeared to be 
greater on gravelly-clay than on loam subsoil the first and third 
growing seasons after site preparation, the differences were not 
significant. Shrub density and crown cover appeared to be 
inversely related to total herbaceous plant production the first and 
third years after treatment. Density and crown cover were gener- 
ally greatest on gravelly-clay subsoil where total herbaceous pro- 
duction was least. Shrub density and crown cover were least on 
loam subsoil where herbaceous plant production was greatest. 

Herbaceous plant production declined substantially on all sub- 
soil textures by end of the seventh growing season following 
treatment. However unlike in the third growing season, total 
herbaceous production on silty-clay subsoil significantly exceed- 
ed that on loam or gravelly-clay subsoils (Table 4). Herbaceous 
production declined more slowly with time on the finer textured 

Table 3. Subsoil texture influence on shrub density and crown cover. 

Subsoil Texture 
Year following gravelly- silty- 
Treatment loam clay silt clay clay 

Density _ _ _ _ _ _ _ _ _ _ _ _ _ _ (shr&+ _ _ _ _ _ _ _ _ _. _ _ 
First 15,420b 27,634a 21,889ab 20,395ab 19,528ab 
Third 12,801b 18,555a 15,675ab 14,603ab 13,153ab 
Seventh 13,904 14,158 18,221 13,140 11,535 

Crown Cover: _______.__ ---__ (&ha) __-___________ 
First 3,557 7,343 6,072 5,449 5,987 
Third 4,906 9,183 8,879 6,993 6,145 
Seventh 11,651 9,880 14,791 9,439 8,184 

Means in the same row followed by a different letter are significantly different at the 
0.05 level; absence of letters within rows indicates no significant differences. 

Bluestems 
Panicums 
Paspalums 
Uniolas 
Other Grasses 
Rushes 
Sedges 
Composites 
Legumes 
Other Forbs 
Total Herbage 

_ . _ _ _ _ _ _ _ _ _ _ _ _ (kg/ha)---- _ - _ _ _ - - __ 
lb 4b 26ab 131a 43ab 
7 6 4 35 74 
0 0 T T 4 

71a 28b 54ab 109a llb 
2 8 2 3 11 
T T 2 1 19 
Ob TIJ 2ab 10a lab 
lb 7b 7b 66a 55ab 
1 2 10 7 4 
1 6 6 21 22 

83b 61b 113ab 383a 243ab 
Means in the same row followed by a different letter are significantly different at the 
0.05 level; absence of letters within rows indicates no significant diierences. 
T = trace, less than 0.5 kg/ha. 

subsoils. Seven years after treatment bluestems, sedges and com- 
posites were more productive on silty-clay than on loam or grav- 
elly-clay subsoils. Pretreatment estimates of production were also 
greater on silty soils (Wolters et al. 1977). Uniolas were the only 
herbage group with maximum production on loam subsoil 7 years 
after site preparation. However, tremendous variation in uniola 
production on silty-clay subsoil may have obscured true subsoil 
texture effects. Uniolas were the most productive herbaceous 
plant group prior to treatment (Wolters et al. 1977). Typically, we 
would expect longleaf uniola and spike uniola to dominate in 
greatest proportion on the most heavily shaded sites (Wolters 
1974), such as silt and loam subsoils where shrub crown cover 
was 50% greater (13,221 vs. 9,168 mYha) though not significant- 
ly different than on other soils. 

The influence of subsoil texture on herbaceous plant production 
was inconsistent and varied with time and species group. Schuster 
(1967) in eastern Texas also reported that herbaceous plant pro- 
duction was not closely associated with edaphic factors. Depth of 
the A horizon and the amounts of silt and clay in the A horizon 
and B horizon accounted for only a small proportion of the varia- 
tion in herbaceous plant production. However, midstory and over- 
story cover explained a larger proportion of the variation. 

Seven growing seasons following treatment, shrub density 
averaged 14,192 plants per ha and mean crown cover was 10,789 
mYha, neither of which were significantly influenced by subsoil 
texture. Shrub crown cover was similar to pretreatment estimates 
(Wolters et al. 1977). The density of shrubs was significantly 
greater on gravelly-clay than on loam the first and third growing 
seasons after treatment. However, because of the progressive 
decline in number of shrubs with time, density was similar on all 
subsoil textures 7 years after treatment. Overall post-treatment 
shrub density was nearly double the pretreatment estimate 
(Walters et al. 1977). Haywood and Burton (1990) reported a sig- 
nificantly greater density of pines at age 12 on silty-clay than on 
gravelly-clay subsoils. We found an inverse relationship between 
loblolly pine density at age 12 and shrub crown cover 7 growing 
seasons after site preparation. Pine density was greatest and shrub 
crown cover was minimal on silty-clay and clay subsoils, where- 
as shrub crown cover was greatest and pine density was low on 
silt and loam subsoils. Herbaceous production, 7 years after treat- 
ment, was greatest on subsoils with minimal shrub crown cover 
and production generally declined with increased shrub crown 
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Table 5. Site-preparation method influence on herbaceous production Table 6. Site-preparation method influence on herbage production the 
the first growing season following treatment. tbird growing season following treatment. 

Site-Prenaration Method Site-Preuaration Method 
Burn- Chop- Chop- Double- Shear- Shear- Shear- Bum- Chop- Chop- Double- Shear- Shear Shear- 
inject burn disk chop bum windrow disk inject bum disk chop bum windrow disk 

Bluestems 
;94- _ _ _ _ _ _ _ _ _ _ _ _ _ _ (kg/ha) _ _ _ _ _ _ _ _. _ _ _ _ _ _ _ _ 

226 50 41 110 53 13 
Panicums 93 152 121 96 176 147 198 
Paspalums T 11 19 37 43 33 9 
Uniolas 401 5.5 29 17 210 26 I 
Other Grasses 33 155 128 104 235 131 194 
Rushes T 11 22 13 26 24 49 
Sedges 40 55 48 42 46 40 54 
Composites 846 1,751 2,110 1,700 963 987 1,113 
Legumes 19 41 27 28 64 26 21 
Other Forbs 146 204 248 296 308 416 451 
Total herbage 1,772 2,661 2,802 2,380 2,181 1,943 2,109 

Means in the same row followed by a different letter are significantly different at the 
0.05 level; absence of letters within rows indicates no significant differences. 
T = trace, less than 0.5 kg/ha. 

cover. Similar findings were reported in Georgia by Halls et al. 
(1956). Wolters et al. (1982) theorized that shrub and hardwood 
crown cover could influence herbaceous plant production equally 
or to a greater extent than pine basal area or site quality. Shrubs 
and hardwood trees sprout prolifically after thinning the over- 
story or burning and soon appear to limit herbaceous production. 
Schuster and Halls ( 1963) and Blair ( 1968) reported similar find- 
ings in eastern Texas. 

Site Preparation Effects 
Site preparation methods did not influence production of any 

herbaceous plant group the first growing season following treat- 
ment, although production ranged from about 1,772 to 2,802 
kg/ha (Table 5). Composites were the most abundant herbaceous 
group, comprising 45 to 75% of the total aboveground herba- 
ceous production. Other forbs made up 8 to 25% of the total 
herbaceous group the first growing season after treatment. All 
grasses combined produced less than 25% of the total herbaceous 
biomass the first year after treatment. Early seral species such as 
annual threeawns, violet crabgrass, shaggy crabgrass, spreading 
panicum, and gaping panicum were the most common grass 
species on the highly disturbed chop-disk, double-chop, and shear 
treatments. Broomsedge and slender bluestem were generally the 
most abundant grasses the first year after site preparation where 
surface soil disturbance was slight, as with the bum-inject and 
chop-burn methods. 

Total herbaceous production remained fairly constant from the 
first to the third growing season following site preparation (Table 
6). Composites were the only herbaceous plant group significant- 
ly influenced by site-preparation method 3 growing seasons after 
treatment. Composite production was least on the burn-inject 
treated plots where surface soil disturbance was minimal and gen- 
erally greatest on the highly disturbed chop and shear treated 
plots. Tremendous within-treatment variation, particularly on the 
chop-burn and chop-disk treated plots, likely masked some com- 
posite production treatment differences. 

The abundance and importance of herbaceous plant groups 
shifted substantially from the first to third growing season follow- 
ing treatment. Composites, other forbs and other grasses declined 
by over 50% on all treatments from the first to the third growing 

_ _ . . _ _ _ _ _ _ _. _ 

620 

_ _ (kg/ha) _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 

Bluestems 457 551 666 466 573 516 
Panicurns 198 331 315 454 383 468 674 
Paspalums 17 50 25 43 123 85 54 
Utliolas 611 186 99 133 111 160 75 
Other Grasses 24 39 48 53 106 54 67 
Rushes 12 18 16 56 72 86 I06 
Sedges 54 76 75 69 73 80 89 
Composites 173~ 461ab 597a 466ab 473ab 300b 472ab 
Legumes 31 217 174 159 78 130 I40 
Other Forbs 85 123 229 258 207 246 210 
Total Herbage 1,662 2,052 2,198 2,357 2,092 2,182 2,403 
Means in tbe same row followed by a different letter are significantly diierent at the 
0.05 level; absence of letters within rows indicates no significant differences. 

seasons primarily because of the reduction in early seral species 
such as rough buttonweed, annual horseweed, bitter sneezeweed, 
and annual threeawns. Other herbaceous groups such as 
bluestems, panicums, paspalums, uniolas, rushes, sedges, and 
legumes (consisting primarily of long-lived perennial species) 
generally increased 2 to 4-fold from the first to the third year 
after treatment. Species composition within herbaceous plant 
groups remained fairly constant. Schultz (1976) reported a lo- 
fold increase in panicums 2 years after burn+disk or 
bum+disk+bed treatments in northern Florida. However, those 
treatments significantly reduced production of Curtiss dropseed 
(Sporobolus curfissii (Vasey) Small). 

Shrub density was significantly greater the first and third grow- 
ing seasons following the chop-burn treatment than after the 
shear-disk treatment (Table 7). Shrub density was similar follow- 
ing other site-preparation methods. Shrub crown cover was not 
influenced by the site-preparation method but crown cover tended 
to be greatest all years following the bum-inject and chop-bum 
treatments and least following the shear-disk treatment. Shrub 
crown cover development was intermediate following other site- 
preparation methods. 

Total aboveground herbaceous plant production declined sub- 
stantially 7 growing seasons following site preparation to an aver- 
age of less than 180 kg/ha across all treatments. Production 
ranged from 95 to 425 kg/ha, but no significant residual treatment 
effects on production of either individual herbaceous groups or 
total herbaceous biomass were detected. Uniolas were the most 
abundant herbaceous group regardless of site-preparation method, 
but their production ranged only from about 30 to 80 kg/ha. 
Bluestems were the next most abundant herbaceous group 7 
growing seasons after treatment with an average yield of about 40 
kg/ha. The production of other herbaceous groups was substan- 
tially less. 

Our findings generally agree with Tiarks and Haywood (1986), 
who reported a significant increase in dry weight of herbaceous 
plant material through the fourth year regardless of site-prepara- 
tion treatment. They also reported a substantial decline in herba- 
ceous production by the sixth year just as we found 7 growing 
seasons after treatment. In fact, we found herbaceous plant pro- 
duction and composition 7 years after site preparation to be quite 
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Table 7. Site-preparation method influence on shrub density and crown cover. 

Site-Preoaration Method 
Bum- Chop- Chop Double- Shear- Shear- Shear- 
inject bum disk chop bum windrow disk 

Density -------------------------.-------.----------(s~bs/ha)------.-...----.---------------~-~~--------- 
Fiist 25,557ab 30,433a 17,856ab 18,649ab 21,701ab 20,489ab 13,163b 
Third 18,147ab 19,864a 13,338ab 15,279ab 14,190ab 13,724ab 11,557b 
Seventh 14,161 13,340 13,625 15,136 13,165 16,524 13,415 

Crown Cover: ----------------------------.-----------------(m2/ha) ________________________________________---- 
First 9,701 9,686 4,744 4,547 5,798 4,876 2,344 
Third 11,710 12,731 5,861 6,781 6,837 5,483 3,695 
Seventh 9,418 11,238 10,343 10,099 9,091 13,944 8,460 

Means in the same row followed by a different letter are significantly different at the 0.05 level; absence of letters within rows indicates no significant differences. 

similar to pretreatment production levels reported by Wolters et 
al. (1977). Increased interception of sunlight by the developing 
woody plant (shrubs plus pine trees) canopy, accumulation of lit- 
ter on the forest floor and increasing root competition for site 
resources very likely produced environmental conditions increas- 
ingly less suitable for herbaceous production. 

Fertilization Effects 
Phosphorus fertilization significantly increased the production 

of rushes, composites, legumes, and total aboveground herba- 
ceous biomass the first growing season following treatment 
(Table 8). Three growing seasons after fertilization, production of 
composites, legumes, and total herbaceous biomass was still 
greater on the fertilized than on the unfertilized subplots. Invasive 
early seral plant species such as annual horseweed, dogfennel, 
daisy fleabane (Erigeron strigosus Muhl.), bitter sneezeweed 
(Helenium amarum (Raf.) Rock), fragrant cudweed (Gnaphalium 
obtusifolium L.), and purple cudweed (Gamochaeta purpurea L. 
Cabrera) increased in proportion rapidly the first year after treat- 
ment, with their response being greatest on fertilized subplots. 
Annual and perennial composites declined substantially from the 
first to the third growing seasons after treatment but were still 
common on both the fertilized and unfertilized areas. Legumes 
such as arrow crotalaria (Crotalaria sagittalis L.), showy par- 
tridgepea (Cassia fasciculata Michx.), and Virginia tephrosia 
(Tephrosia virginiana (L.) Pers.) responded rapidly to phospho- 
rus fertilization and the carryover effect enhanced legume pro- 
duction for at least 3 years following application. 

Table 8. Herbaceous biomass response to phosphorus fertilization. 

Crowing Season following Treatment 
First Third Seventh 

Phosphorus Application (kg/ha) 
0 73 0 73 0 73 

Bluestems 
--;os ______________ (kg/ha) ____ - _____________ 

90 419 695 55a 27b 
Panicums 141 143 443 374 35 16 
Paspalums 21 24 61 56 1 T 
Uniolas 86 112 169 201 56 54 
Other Grasses 147 140 58 56 8a 3b 
Rushes 13b 29a 49 57 8 2 
Sedges 41 52 68 81 3a 2b 
Composites 1,170b 1,556a 368b 486a 31 22 
Legumes 21b 45a 80b 192a 6 4 
Other Forbs 281 336 202 182 13 9 
Total Herbage 2,026b 2,527a 1,917b 2,380a 216a 139b 
Means in the same row and growing season followed by a different letter are signiticant- 
ly different at the 0.05 level; absence of letters within rows indicates no significant dif- 
ferences. 
T = tmcc, less than 0.5 kg/ha. 
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By 7 growing seasons following treatment, production of 
bluestems, other grasses, sedges, and total herbaceous biomass 
was greater on unfertilized subplots. Wolters and Schmidtling 
(1975) also reported that broomsedge, little bluestem, and some 
panicums were more productive 12 years after cultivation alone 
than with cultivation plus fertilization. Only common carpetgrass 
(Axonopus affinis Chase), an introduced low-growing stolonifer- 
ous plant, produced more biomass 12 years after cultivation plus 
fertilization than with fertilization alone. Our findings suggest 
that the herbaceous growth benefits from phosphorus fertilization 
had become lost by 7 years after treatment. Interspecific competi- 
tion with associated trees and shrubs likely contributed to reduced 
herbaceous plant production on the fertilized subplots. 
Phosphorus fertilization significantly increased shrub crown 
cover on some subsoils 3 years after application and planted 
loblolly pine d.b.h and volume at age 12 (Haywood and Burton 
1990), although fertilizer effects on shrub density and crown 
cover were not apparent 7 years after application. Similar to our 
findings with phosphorus, Tiarks and Haywood (1986) reported 
that a single application of nitrogen, phosphorus, and potassium 
increased herbaceous production for 4 growing seasons before 
declining to control levels. 

Interactions 
The first growing season following treatment, the influence of 

site-preparation method on both paspalums and other forbs varied 
significantly by subsoil texture. Other forbs were also influenced 
by subsoil texture and phosphorus fertilization. Paspalum produc- 
tion was greater on clay subsoil following double-chop than on 
all other subsoil texture and site-preparation method combina- 
tions except shear-bum on the clay subsoil (Fig. 1). On these 2 
clay sites, production ranged from 192 to 271 kg/ha. Paspalum 
production on the shear-bum treated clay subsoil was not greater 
than on the shear-windrow treated clay subsoil or the chop-disk 
treated silty-clay subsoil. Production of paspalums was generally 
less than 40 kg/ha on all other site-preparation method and subsoil 
texture combinations. Paspalum production was consistently low 
on all subsoils the first year following the bum-inject treatment. 

Vaseygrass (Paspalum urvillei Steud.), brownseed paspalum 
(Paspalum plicatulum Michx.), roundseed paspalum (Paspalum 
circulare (Nash) Poir.), dallisgrass (Paspalum dilatatum Pair.), and 
Florida paspalum (Paspalum floridanum Michx. var. jloridanum) 
were the most common paspalums on the study plots. However, 
fringeleaf paspalum (Paspalum setaceum var. ciliatifolium 
(Michx.) Vasey) and hurrahgrass (Paspalum seteceum var. muhIen- 
bergii (Nash) Banks) increased in greater proportion on clay sub- 
soils following the double-chop and shear-bum treatments. 
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Loam Gravelly-day Silt Silh/-clay Clay 

Subsoil Texture 

LOam Gravelly-clay Silt Silty-c1ay Clay 

Subsoil Texture 

Fig. 2. Production response of other forbs to site-preparation method 
and subsoil texture following the first post-treatment growing sea- 
son. Means associated with the same letter are not significantly 
different at the 0.05 level. 

Fig. 1. Paspalum production response to site-preparation method 
aad subsoil texture following the fast post-treatment growing sea- 
son. Means associated with the same letter are not significantly 
different at the 0.05 level. 

Other forbs were most productive on clay subsoil the first 
growing season following the shear-windrow and shear-disk 
treatments, although other forbs produced similarly on the dou- 
ble-chop and shear-bum treated clay and loam subsoils after the 
chop-bum, chop-disk, shear-bum, and shear-windrow treatments 
(Fig. 2). The method of site preparation appeared to have little 
influence upon other forb production on silt, gravelly-clay and 
silty-clay subsoils. Production of other forbs, similar to pas- 
pahtms, was low following the bum-inject treatment, particularly 
on gravelly-clay and silty-clay subsoils. Rough buttonweed 
(Diodia teres Walt.) and woolly croton (Croton capitatus var. 
cupitutus Michx.) were the most common other forb species on 
treatments resulting in the highest soil disturbance, but occurred 
infrequently on the bum-inject treatment the first growing season 
following treatment. Soil disturbance caused by mechanical site- 

Loam Grwelly-clay Silt silty-clay my 

Subsoil Texture 

Fii. 3. Production response of other forbs to phosphorus fertilization 
and subsoil texture following the tirst post-treatment growing sea- 
son. Means associated with the same letter are not significantly 
different at the 0.05 level. 

preparation treatments apparently enhanced production of pas- 
palums and other forbs the first year after treatment by stimulat- 
ing growth of early seral species. 

Other forbs were also influenced by subsoil texture and phos- 
phorus fertilizer the first year following treatment (Fig. 3). Other 
forb production was significantly greater on fertilized loam sub- 
soil than on fertilized silty-clay or unfertilized gravelly-clay sub- 
soils. Because of heterogeneous variance, production of other 
forbs was similar on all other subsoils with or without phospho- 
rus fertilization. 

Summary 

Although production of several herbaceous plant groups was 
influenced by subsoil texture the first growing season following 
treatment, invasive early seral and annual composites were the 
most common species on all subsoils. Annual composites were 
replaced by perennial grasses 3 growing seasons after treatment. 
Total aboveground herbaceous biomass production increased 24 
to 35-fold over pretreatment levels the first year after site prepa- 
ration, but method of site preparation did not influence produc- 
tion of any herbaceous plant group. Total herbaceous production 
remained fairly constant from the first to third post-treatment 
year, although some shifts occurred in the importance of herba- 
ceous plant groups. Shrub density was greatest on the chop-bum 
treatment and least on the shear-disk treatment the first and third 
growing seasons following treatment. A similar trend was 
observed for shrub crown cover. An inverse relationship was 
apparent between total herbaceous plant production and both 
shrub density and crown cover during the first few years after 
treatment. Seven years after treatment, herbaceous plant produc- 
tion and composition were similar to pretreatment estimates and 
shrub density and crown cover were similar on all site-prepara- 
tion treatments. Crown cover was also similar to pretreatment 
estimates. Phosphorus fertilization increased the production of 
composites, legumes and total aboveground herbaceous biomass 
the first and third growing seasons following application. 

JOURNAL OF RANGE MANAGEMENT 51 (l), January 1998 53 



However 7 years after application, production of bluestems, other 
grasses, sedges, and total herbaceous biomass was greater on 
unfertilized than on fertilized areas. Site preparation and fertiliza- 
tion increased total herbaceous plant production and shrub densi- 
ty on all subsoil textures during the first and third growing sea- 
sons following treatment. However, shrub density, crown cover, 
and total herbaceous plant production declined to near pretreat- 
ment levels 7 years after treatment. 

Conclusion 

Site preparation and fertilizer application are principally intend- 
ed to provide a window of opportunity for regeneration and 
growth of pine overstories in these Coastal Plain ecosystems. 
Across the range of soil types present, these methods also provid- 
ed substantial short-term gains in understory plant biomass. 
Although this increase is primarily represented in the first post- 
treatment year by larger numbers of early seral species and annu- 
al composites, these are largely replaced with perennial grass by 
the third growing season following treatment. Such rapid succes- 
sional change is indicative of the resilience of these forest ecosys- 
tems following disturbance. While certain site preparation meth- 
ods reduced shrub density and crown cover more effectively than 
others, the initial increase in understory herbaceous biomass 
could not be sustained as shrub redevelopment ensued. Initial 
gains in understory plant production resulting from fertilization 
also disappeared over time. The supplemental phosphorus was 
quite likely rapidly assimilated from these phosphorus-poor soils 
and immobilized within plant tissue, resulting in progressively 
slower rates of phosphorus turnover and declining rates of bio- 
mass production. The absence of differences among treatments 
by the seventh post-treatment growing season indicates an overall 
long-term similarity in the degree of disturbance caused by appli- 
cation of each technique in this ecosystem. These management 
methods may have caused only short-term plant species displace- 
ments, which could be followed by a relatively rapid recovery. 
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Abstract 

Evaluating seedbank ecology is critical for understanding plant 
community development and successional patterns and for iden- 
tifying factors regulating population dynamics. The relationships 
among seedbank composition, seedbank depth, seed dormancy, 
and vegetative expression were evaluated for a range site on a 
Valentine fine sand soil (mixed, mesic Typic Ustipsamments) in 
the Sandhii Prairie. Twenty soil samples were collected at each 
of 2 depths (0 to 515 to 20 cm) in early June 1990 and 1991 from 
12 macroplots (32 X 32 m) representing 3 range condition class- 
es. A seed extraction and germination trial was conducted to 
determine the diversity, size, and germinability of the persistent 
seedbank. Seedling emergence was counted in a greenhouse, with 
and without a 1Cday prechilling(3 to 5°C) stratification treat- 
ment, to characterize seedbank dormancy. Fourteen grass 
species, 17 forb species, and Schweinitz flatsedge (Cyperus 
schweinitzii Torr.) were identified in the seed hank. Two addi- 
tional genera (Carex and Euphorbia) also occurred in the seed- 
bank. Only 10 species occurred in 8 or more macroplots in both 
years. Aboveground botanical composition was not correlated 
with (P > 0.10) seedbank species composition. More germinable 
seeds occurred in the 0 to 5 cm depth (P < 0.01) than the 15 to 20 
cm depth. Also, the species diversity and seed number were 
greater in the shallower depth. Germination percentage was low 
for all types of vegetation. Lambsquarters (Chenopodiutn album 
L.) and annual eriogonum (Eriogonum annuum Nutt.) had the 
largest seedbanks, but germination was less than 6 % . Sand 
dropseed [Sporobolus cryptandrus (Torr.) Gray] and sand love- 
grass [Eragrostis trichodes (Nutt.) Wood] were the most abun- 
dant perennial grasses and accounted for about 60% of the ger- 
minated seeds. Prechilling increased seedling emergence of grass- 
es (P < O.Ol), forbs (P < O.Ol), and grass-like species (P < 0.01). 
Perennial grasses emerged first, forbs later, and grasslike species 
exhibited a bimodal emergence pattern. Based on germination 
percentage and emergence data, sand dropseed has the potential 
to colonize openings in the Sandbills prairie, possibly to the 
exclusion of many annuals occurring in the seedbank. 

Key Words: germination percentage, lambsquarters, marestail, 
sand dropseed, sand lovegrass, secondary succession 
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Resumen 

Evaluar 10s bancos de semillas en el suelo es muy importante 
para entender el desarrollo, 10s patrones sucesionales de las 
comunidades vegetales y para identificar 10s factores que regulan 
las din&micas poblacionales de &as. Las relaciones entre la com- 
position, la profundidad de 10s bancos de semillas, la dormancia 
de ias semilhrs y la expresion de la vegetaci6n sobre la superficie 
fue evaiuada para un sitio de pas&al localido en un suelo fmo 
arenoso tipo Valentine (mixed, mesic, Typic Ustipsamments) en 
Sandhills Prairie, Nebraska. En Junio de 1990 y 1991, se recolec- 
tat-on 20 muestras de suelo a dos diierentes profundidades (0 a 5 
y 15 a 20 cm) en 12 parcelas (32 X 32 m) que representaban 3 
clases de sitio de pas&al. Para determinar la dive&dad, tamaiio 
y germinabiidad de1 banco de semillas, se realize un ensayo de 
extra&on y germination de semi&s. Para caracterizar la dor- 
mancia de las semillas, se cuantificd la emergencia de las plantu- 
las en invernadero con un tratamiento de estratificacion, con y 
sin un period0 de 14 dii de frio (3 a 5’C). Catorce especies de 
zacate, 17 especies de hierbas y una ciperacea (Cyperus 
schweinifzii Torr.) fueron identificadas en el banco de germoplas- 
ma AdemL, fueron identiiicados dos generos adicionales (Carex 
y Euphorbia) en el banco de germoplasma. En ambos adios, solo 
10 especies se presentaron en 8 0 m&s parcelas. La composition 
botinica sobre la superiieie no tuvo correlation (P > 0.10) con la 
composition de1 banco de germoplasma. Un mayor numero de 
semi&u viables se presentaron a la produndidad de 0 a 5cm de 
profundidad (P < 0.01) que a 15 a 20 cm de profundidad. 
Aolemas, la diversidad de especies y el numero de semiBas fue 
mayor en el peril1 de menor profundidad. El porceutaje de ger- 
minaci6n fue bajo para todos 10s tipos vegetacionales. 
Chenopodium album L. y Eriogonum annuum Nutt. tuvieron la 
mayor participation en el banco de semiBas, pero la germination 
de1 mismo fue menos que eI6%. Zacaton arenoso ([Sporobolus 
cryptandrus (Torr.) Gray] y Zacate de amor arenoso [Eragrostis 
trichodes (Nutt.) Wood] fueron 10s zacates perennes m&s abun- 
dantes y participaron con alrededor de1 60% de las semiBas ger- 
minadas. El tratamiento de frio aument6; la emergencia de pKn- 
tulas de zacates (P < O.Ol), hierbas (P < O.Ol), y cipe&eas (P < 
0.01). Los zacates perennes emergieron prhnero, luego las hier- 
bas y las ciperriceas presentaron un patron de emergecia 
bimodal. Basandose en 10s porcentajes de germinaci6n y en 10s 
datos de emergencia, el zacaton arenoso tiene el potential de col- 
onizar sitios abiertos en las Sandhills Prairies, probablemente 
debido a la exclusion de muchas especies anuales que se presen- 
tan en el banco de germoplasma. 
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A seedbank is an aggregation of ungerminated seeds capable of 
replacing mature annual or perennial plants (Baker 1989). 
Understanding seedbank ecology is critical for developing theory 
on community development, structure, and function. The dynam- 
ics of the seedbank determine the ability of a community to per- 
sist. The seedbank may contain diverse species and genotypes 
that provide substantial flexibility for potential community 
changes (Leek et al. 1989). On rangelands, seeds often occur as a 
thin, discontinuous layer on or near the soil surface. The distribu- 
tion of this layer is influenced by local micro-topography and the 
location of plant litter deposition (Young 1988). The seedbank is 
a major contributor to vegetative colonization patterns observed 
in disturbed areas. 

Seedbank dynamics of the Nebraska Sandhills are not well 
understood, particularly as they relate to vegetative expression in 
plant communities and colonization of bare areas following dis- 
turbance. The Nebraska Sandhills are a very fragile ecosystem 
with bareground and litter accounting for approximately 90% of 
the basal cover on the sands range site (Perez 1991). The objec- 
tives of this study were to: 1) determine the persistent seedbank 
(Thompson and Grime 1979) diversity and size, seed dormancy 
and germination, and seedling emergence; 2) determine the effect 
of botanical composition on the persistent seedbank, and 3) com- 
pare a shallower, persistent seedbank (0 to 5 cm) with a deeper 
seedbank (15 to 20 cm). 

Materials and Methods 

Study Area 
The study was conducted in 1990 and 1991 at the University of 

Nebraska-Lincoln (UNL) Gudmundsen Sandhills Laboratory 
(GSL) (5,260 ha) near Whitman, Nebraska (approximately 42” 
OS N and 101” 26’ W) on a Valentine fine sand (mixed, mesic 
Typic Ustipsamments; sands range site). The experimental area is 
1,049 m above sea level. The topography is characteristic of the 
Sandhills rangeland, with undulating grass-stabilized dunes of 
eolian sand and interdunal valleys (Kuzila 1990). The average 
annual precipitation is 460 mm, approximately 85% of which 
occurs during the growing season (April to September). 
Accumulative evapotranspiration reaches 2,014 mm/year, result- 
ing in a negative balance between precipitation and evapotranspi- 
ration (USDA-SCS 1977). 

Macroplots (considered experimental units) of approximately 
1,000 m* each (32 X 32 m), representing 3 range condition class- 
es (excellent, good, and fair) were replicated 4 times on sands 
range sites. The minimum distance between macroplots was 0.4 
km and the maximum was 6.5 km. Range condition was deter- 
mined in mid-August 1990 and 1991 by estimating the weight of 
individual species (Nichols et al. 1984). To adjust weight esti- 
mates, aboveground plant biomass was clipped to a stubble 
height of 2.5 cm in 4 quadrats (0.25 m*) in each macroplot and 
separated by species into current year’s growth. Samples were 
dried in a forced-air oven at 70°C until a constant weight was 
obtained. The botanical composition of each macroplot was cal- 
culated from basal cover, determined in early June 1990 and 199 1 
using the modified step point method (Owensby 1973). One hun- 
dred points were read in each macroplot (three 30-m, randomly 
located transects). 
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Seedbank Sampling 
The sampling strategy was designed for the persistent seed 

bank (Thompson and Grime 1979). Since 99% of the seeds 
entered the seed rain after June in a similar Sandhills Prairie site 
(Potvin 1988), the sampling date excluded most of the current 
year’s seed production from the persistent seedbank. Twenty soil 
samples were randomly collected at each of 2 depths (0 to 5 and 
15 to 20 cm) within each of the 12 macroplots-in June 1990 and 
1991. A 2-m exterior boundary was excluded from sampling 
within each macroplot. An area 12 X 12 cm was excavated to a 
depth of 30 cm. The core was laid horizontally; litter removed 
form the surface, and the 0 to 5 and 15 to 20 cm segments 
extracted. Each sample consisted of about 1 kg (700 cm3) of soil. 
The 20 samples for each depth within a macroplot were compos- 
ited, dried at air temperature and separated into 8 subsamples. 
Four macroplot subsamples were assigned to the seed extrac- 
tion/germination trial and 4 were used in the greenhouse emer- 
gence trial. 

Seed Extraction/Germination Trial 
The total seedbank (germinable and nongerminable) was esti- 

mated using a two-phased soil organic matter (OM) extraction 
and germination technique (Kropac 1966, Roberts 1981). 
Duplicate samples (0.25 kg) were randomly selected from each 
macroplot subsample. Each duplicate was placed in a 1,000 ml 
Erlenmeyer flask and mixed with 250 ml of distilled water con- 
taining 6.25 g CALGON TM. After3minat4OOrpminaBUR- 
RELLR Model 75 wrist action shaker, the slurry was poured 
through a sieve (500 pm). The retained OM was rinsed with dis- 
tilled water and poured into a petri dish (1 petri dish/flask). After 
the material was air dried at room temperature, seeds were sepa- 
rated manually from the OM, identified to genus and to species 
when possible, counted by species (or genus), and placed in a 
petri dish lined with filter paper (1 petri dish/flask). A 21 day ger- 
mination test was then conducted (20°C for 16 hours to 30°C for 
8 hours). Temperature and light variables were selected to 
accommodate a broad array of the anticipated native species 
(Maxon 1993). Seeds were considered germinated when the radi- 
cle attained a length of 1 mm. 

Following the 21&y germination period, the petri dishes were 
placed in a refrigerator for 4 weeks at 3 to 5°C (McDonald et al. 
1992) to assess seed dormancy. Afterwards, the petri dishes were 
watered with a 600 mg/kg-solution of Gibberellic Acid (SIGMA 
TM) and placed in a growth chamber for 5 weeks (35°C for 16 
hours of light to 15°C for 8 hours of darkness, 90% RH). The tem- 
perature and light conditions of the growth chamber were suitable 
for a broad spectrum of native Sandhills species. The first week 
the chamber was in complete darkness, but for the following 
weeks a daily period of 16 hours light was utilized to allow 
growth of the emerging plants. Moisture was maintained with dis- 
tilled water. Germinable seeds were defined as all of those germi- 
nating in both the petri dish and growth chamber trials. 

Greenhouse Emergence Trial 
A 15 week greenhouse seedling emergence trial was used to 

characterize seed germinability and species composition of the 
emerged seedling vegetation from the seedbank (the range of tem- 
perature and relative humidity in the greenhouse was: 18 to 42°C 
and 20 to 98% RH). TWO macroplot subsamples (3,500 cm’) were 
prechilled in a growth chamber for 14 days at 3 to 5” C to break 
dormancy; the other macroplot subsamples were not prechilled. 
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Four greenhouse nursery pots (2,800 cm3) for each macroplot 
subsample depth treatment combination were layered from the 
bottom up with about 2 kg of seed-free sand, 0.5 kg soil seedbank 
sample approximately 1 cm deep, and a thin layer of seed free 
sand to minimize dessication of the seedbank sample. The sand 
used was pre-pasteurized for 2 hours at 85” C in a steam aerator. 
Each pot was watered periodically to keep the surface moist. No 
fertilizer was applied. Emerged plants were marked with a color 
coded wire ring corresponding to one of 5, 3 week periods to 
characterize emergence rate. Plants were removed after identifi- 
cation. 

Statistical Procedures 
To adequately test treatment effects, species (or category) had 

to occur in 8 or more macroplots within a year for inclusion in the 
statistical analysis. Restricted analysis on the 10 principal 
species/categories limited the population of inference; however, it 
does characterize the most frequently occurring specieslcate- 
gories. The number of seeds or seedlings counted was expressed 
as seeds or seedlings per volume of soil. AI1 values were convert- 
ed to 0.05 m3 (1 X 1 X 0.05 m deep) soil volume based on a sam- 
ple volume calculated from the soil bulk density (1.45 g/cm3). 
The soil volume represented a reasonable germination layer for 
most species encountered (Young 1988). 

Seed Extructiou/Germin&‘on TriaLThe experimental design 
was a completely randomized design, with 4 subsamples by depth 
within each macroplot. Repeated measures analysis of variance 
was conducted using SAS procedure General Linear Models 
(GLM)(SAS 1988). Since germination patterns were skewed and 
many totals were at or near 0%, an arcsine square root transfor- 
mation was performed (Anderson and McLean 1974). A simple 
correlation procedure was performed to correlate number of seeds 
and germination percentage. A mixed model was used where 
depth and range condition class were treated as fixed effects. 
Macroplot and year were considered random effects, 

Greenhouse Emergence Trial. The experimental design was 
a split split plot in time with treatment (unchilled and chilled) as 
main plot and depth as subplot, with 4 subsamples by depth with- 
in each macroplot. Repeated measures analysis of variance was 
mn using the SAS GLM procedure (SAS 1988). The 15 weeks of 
measurements were grouped into 5 periods of 3 weeks each. A 
square root transformation was applied to the emergence data 
(Anderson and McLean 1974). A mixed model was assumed, 
using treatment, depth, and range condition class as fixed effects; 
macroplot and year were considered random effects. 

Results 

The 1989 and 1990 annual precipitation measured on site was 
56 and 20% below normal (203 mm and 368 mrn, respectively). 
In 1991 precipitation was 15% above normal through August. 
The potential seed production in 1989 may have been affected by 
water stress (140 mm precipitation compared to a normal of 382 
mm through August). 

Seedbank Diversity 
The species composition of the seedbank did not differ (P > 

0.10) among range condition classes. Data were pooled across 
range condition for subsequent analyses. Little similarity 

occurred between the botanical composition of the existing flora 
and the species composition of the seedbank obtained from the 
seed extraction/germination trial and the greenhouse emergence 
trial (P < 0.01) (Table 1). Seeds of 23 species were identified in 
the seed extraction/germination trial: 12 grasses, 11 forbs, and 2 
genera (Curex spp. and Euphorbiu spp.) (Table 1). Ten grass and 
13 forb species, Schweinitz flatsedge (Cypenrs schweziritzii Torr.) 
and 2 genera (Carex spp. and Euphorbia spp.) were identified in 
the greenhouse emergence trial. These included 8 species which 
did not occur in the seed extraction/germination trial: 2 warm 
season grasses and 6 forbs. Thus, the seedbank identified in this 
study contained 14 grass and 17 forb species, Schweinitz 
flatsedge and unidentified Carex spp. and Euphorbia spp. 

Species with an important contribution to above-ground com- 
position [ e.g., grass like (22%), hairy grama (Bouteloua hirsutu 
Lag.) (13%), and prairie sandreed [Calamovilfa iongifotia 
(Hook.) Scribn.] (11%). averaged across years had very low 
occurrence or were absent in the seedbank (Table 1). In contrast, 
throughout the 2 years of this study, for both treatment and depth, 
the most successful seedling emergence occurred for sand loveg- 
rass [Erugrostis irichodes (Nutt.) Wood], Scribners panicum 
[Dicanthelium oligosanthes (Schult.) Gould var. scribnerianum 
(Nash) Gould], and sand dropseed [Sporobolus cryptundrus 
(Torr.) Gray]. The basal cover of these species in the above- 
ground vegetation was relatively low (averaged across years): 1, 
2, and 2%, respectively. Western ragweed (Ambrosia 
psilostuchyu DC.) and stiff sunflower [Heliunthus rigidus (Cass.) 
Desf.] were the only forbs occurring in excess of 2% in the vege- 
tation and lambsquarters and marestail were the most common 
seedbank species. 

Seedbank Quantity and Gemtinabiity 
Because of their abundances, 5 grasses {western wheatgrass 

[Pascopyrum smithii (Rydb.) Love], Scribners panicum, sand 
lovegrass, sand dropseed, and needleandthread (Stipa comata 
Trin. & Rupr.)), a grass like category (Curex spp. and Schweinitz 
flatsedge), and 4 forbs { lambsquarters (Chenopodium album L.), 
spurge spp., woolly plantain (Pfantago patagonica Jacq.), and 
annual eriogonum (Eriogonum annuum NW.)} were analyzed for 
the germination trials (Table 2). Seed quantity was greater in the 
shallower seedbank (0 to 5 cm) than in the deeper seedbank (15 
to 20 cm) for both years (Table 2). The correlation between seed 
number and germination percentage was consistently low (r < 
0.60) with the exception of sand dropseed in the deeper seedbank 
in 1991. The seed germination was low, with a range of 0 to 10% 
for grasses, 0 to 2% for grass-like species, and 0 to 7% for forbs 
(Table 2). Among perennial grasses in the 0 to 5 cm depth, aver- 
aged over macroplots in 1990, Scribners panicum contributed the 
most (171), and needleandthread the least (51) seeds/O.05 m3. 
Forb seed dominated the shallow seedbank (70%), but the forb 
germination percentage was lower than grasses. Lambsquarters 
accounted for the largest number of forb seeds (896/0.05 m3), 
averaged across years. Lambsquarters seeds are common in 
Nebraska seedbanks, (particularly row-crop seedbanks) and have 
good seed longevity compared to those of other annuals (D. 
Mortensen, Department of Agronomy, University of Nebraska- 
Lincoln, personal communication). Annual eriogonum was the 
second most important forb species in terms of seed numbers 
(354 seeds/O.05 m3); seed germination for this species was < 1%. 
Simihu findings on location, quantity and germination percent- 
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Table 1. Genera or species identified in the soil extraction/germination trial and the greenhouse emergence trial from the seed bank and the botanical 
composition of the above pond vegetation in 1990 and 1991 at the Gudmundsen Sandhills Laboratory, Whitman, Neb. 

SeasonaJity/ 
Common tiame Scientific name 

Trial 
Soil extraction/ Greenhouse 

Germination Emergence 
Botanical comoosition 

1990 1991 

Warm-season 
Hairy- 
Little Bluestem 
Prairie saudreed 
Sand bluestem 
Sand dropseed 
Sand lovegrass 
Switchgrass 
Cool-season 
Downy brome 
Kentucky bluegrass 
Needleandthread 
Prairie Junegrass 
Scribners panicum 

Sixweeks fescue 
Western wheatgrass 

Total 

Cool-season 
Sedge spp. 
Warm-season 
Schweinitz flatsedge 

Total 

Warm-season 
Annual eriogonum 
Dwarfmilkweed 
Lambsquarter 
Marestail 
Prickly lettuce 
Rough fleabane 
Spotted Jmapweed 
Western ragweed 
Cool-season 
Annual sunflower 
Common yellow 

woodsorrel 
Gromwell puccoon 

pussytoes 
Spiderwort 
Spotted beebalm 
@we ~PP. 
Virginia pepperweed 
Western yarrow 
Woolly plantain 

Grasses (%) 

Bouteloua hirsuta Lag. 
Schizachyrium scoparium (Michx.) Nash 
Calmovilfa longifolia (Hook.) Scribn 
Andropogon gerardii var. paucipilus (Nash) Fem. 
Sporobolus crytandrus (Ton.) Gray 
Eragrostis trichodes (Nutt.) Wood 
Panicum virgatum L. 

Bromus teclorum L. 
Poa pratensis L. 
Stipa comata Trin. & Rupr. 
Koeleria pyramidata (Lam.) Beauv. 
Dicanrhelium oligosanthes (Schult.) 

Gould var. scribnerianum (Nash) 
Gould 

Vulpia octojlora (Walt.) Rydb. 
Pascopynun smithii (Rydb.) Love 

* 
* 

* 
* 
* 

* 
* 
* 
* 

* 
* 
* 
12 

* 

1 

* 

* 

* 

* 

* 

* 

* 

* 
* 
* 
* 
12 

15 f 17’ 
6i5 

lllt6 
7zt6 
4*3 
l&2 
4*4 

* 
* 

T -3 
2zt3 1*3 
3*5 8rt4 
3*3 2zt4 

* 

10 

2i6 
l*l 
T 

58i40 
Grass-like 

Carex spp. 

Cyperus schweinitzii Torr. 
22*12 

Forbs 

En’ogonum annuum Nutt. 
Ascelpias pumila (A. Gray) Vail 
Chenopodium album L. 
Conyza canadensis (L.) Croq.) 
Lactuca serriola L. 
Erigeron strigosus Muhl. ex. Willd. 
Centaurea maculosa Lam. 

Ambrosia psilostachya DC. 

T 

T 

Helianthus annuus L. 
Oxalis stricta L. 

* 
* 

5i4 

T 

Lithospernuon carolinense 
(Walt.) Mac. M. 

Anrennaria neglecta Greene 
Tradescanria bracteata Small 
Monarda pectinata Nutt. 
Euphorbia spp. 
Lepidium virginicum L. 
Achilles millefolium L. 
Plantago patagonica Jacq. 
Total 

T 
* 1*1 
* 
* 
* 
* 

* T 
14 5*4 8k22 

11 f 11 
7*5 

11*5 
6i3 
l*l 
-P 

2i3 

2i4 
3*3 
T 

53i22 

22*12 

T 

7*7 

T 

‘=SD 
;=Trace,<l% 

= Did not oecer in samples 

ages were reported for other grassland seedbanks (Rice 1989, 
Roberts 1981). 

Seed quantity in the 15 to 20 cm depth averaged 22% of the 
shallower seed bank (Table 2); lambsquarters was the most domi- 
nant species (72%). Species number (P < 0.01) and seed germina- 
tion percentage (P < 0.01) were lower for the deeper versus the 
shallower seedbank. Sand dropseed and sand lovegrass were the 
most common perennial grass species identified in both seed- 
banks across years. 

Generally, species identified in the seedbank were small-seed- 
ed. The common, large-seeded forbs such as western ragweed 

58 

and annual or perennial sunflowers (Helianthus spp) were not 
observed in these trials. The seeds of some annual grasses such as 
sixweeks fescue [Vulpia octofora (Walt.) Rydb.] and annual 
bromes (Bromus spp.) were scarce and sandbur (Cenchrus spp.) 
did not occur in the samples. 

Seedling Emergence in the Greenhouse Trial 
Five perennial grasses (hairy grama, sand lovegrass, sand 

dropseed, prairie junegrass [Koeleria pyramidata (Lam.) Beauv.], 
and Scribners panicum}, a grass-like category (Caren spp. and 
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Table 2. Average number of seeds/O.05 m3, germination (%), correlation (r) between number of seeds/O.05 m3 and gem&&ion percentage, and the sig- 
ni6cance level of probability (I’ > F) for r for 10 pticipal species identified in a shallow (0 to 5 cm) and deep (IS to 20 cm) seedbanks of the 12 
macroplots at the Gudmundsen Sandshills Laboratory, Whitman, Neb. 

Shallow (0 to 5 cm) DeepC 5to20cm1 
Seasonal&y/ A A -l 1991 
Species, category 

(Seeds/ 
0.05 m3) (8) 

5 

6 

(Sd 
0.05 m3) 

(Seedsf 
0.05 m3) 

(Seeds/ 
0.05 m3) 

GrasseS 
Warm-season 
Sand lovegrass 63 

0.036 
0.036 

56 
0.6566 
0.0001 

143 
0.4020 
0.0045 

145 
0.5890 
0.0010 

6 
0 
0 
16 
0 
0 

13 
0.3860 
0.0060 

10 
0.9000 
0.0001 

P>F 
Sand dropsced 

r 
P>F 

Cool-season 
Western wheatgrass 113 

0.4169 
0.0032 

171 
0.1528 
0.2997 

51 
0.1381 
0.3492 

151 
-0.020 
0.8500 

11 
0 
0 

3 
0 
0 

28 
0.5158 
0.0002 

13 
0 
0 

P>F 
Scribners panicum 

;>F 
Needleandtbread 

:>F 
Grass-like 

Carex spp and 
Schweinitz flatsedge 

0 
0 

62 2 268 0 0 0 

0.08% 
0.5447 

0 
0 

0 
0 

0 

P>F 
Forbs 

Warm-season 
Lambsquarters 

I;>F 
Amud eriogonum 

:>F 
Cool-season 
SPwe ~PP. 

k>F 
woolly plantain 

r 
P>F 

1.055 
0.37 14 
0.0093 

462 
0.2964 
0.0408 

<l 

<l 

736 
0.1267 
0.3900 

246 
0.2900 
0.0456 

308 
0 
0 

35 

155 
0 
0 

23 
0 
0 

-0.055 
0.7124 

95 
0.1124 
0.4469 

62 
0.5942 
0.0001 

96 
0.0429 
0.7721 

116 
0.3770 
0.0082 

<I 

7 

19 
0 
0 
3 

-0.021 
0.8847 

Schweinitz flatsedge), and 4 forbs (marestail [Conyzu cmadensis 
(L.) Cronq.], rough fleabane (Erigeron strigosus Muhl. Ex 
Willd.), spurge spp., and woolly plantain} were included in the 
analysis. 

Unchilled Seeds.Total seedling emergence, averaged over 12 
macroplots in the greenhouse trial from the 1990 shallow seed- 
bank was 80% lower than in 1991 (Table 3). Grasses represented 
76% of the total emergence. Grass-like species were not present. 
The largest number of seeds of grasses germinated between 
weeks 4 to 6 and accounted for 35% of the grass emergence (11 
out of 41 seedlings/O.O5 m’). Sand dropseed and sand lovegrass 
were the prominent grass seedlings identified. Marestail was the 
only forb species present and 80% of the emergence of this 
species occurred between weeks 7 to 9. The total number of 
seedlings that emerged from the deeper scedbank (15 to 20 cm) 
collected in 1990 was low. Marestail contributed 75% of the 

total. Sedges were not present and only 2 perennial grass species 
emerged (sand dropseed and sand lovegrass). 

More grass seedlings emerged from the 1991 shallower seed- 
bank (P < 0.01) compared to 1990 while sedge and forb emer- 
gence was unchanged (P > 0.42 and 0.22, respectively) (Table 3). 
The total number of plants that emerged was 5.4 times greater in 
1991 than in 1990. These results illustrated the annual variability 
of the seedbank. About 65% of the perennial grass emergence in 
1991 occurred in the first 3 weeks. In 1991 the contribution of 
sand dropseed was larger than in 1990, representing 67% of the 
total number of emerged seedlings. Forbs comprised only 6% of 
the total seedling emergence, emerging later, normally between 
weeks 7 to 9. Grass-like species exhibited a bimodal pattern of 
emergence consistent with their season&y: during the first peri- 
od (1 to 3 weeks) and later during the fifth period (12 to 15 
weeks). 
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Table 3. Average seedling emergence (plants/O.05 m3 and main effect comparisons (F’ > F) determined in a greenhouse trial of selected species from a 
seedbank at 2 depths (0 to 5 and 15 to 20 cm depth), with 2 treatments (unchilled and chilled seeds) collected at the Gundmundsen Sandhills 
Laboratory in 1990 and 1991 from a sands range site. Seedling emergence was measured during a 15 week greenhouse trial. Weeks were grouped in 
5 periods of 3 weeks each. 

Species/categories Week Week Week WL.ck Week 
Seedbank 1-3 44 7-9 10-12 13-15 Total 

Unchilled 
Shallow seedbank (0 to 5 cm) 1990 

Scribners panicum 
Sand lovegrass 
Sand dropseed 
Marestail 
TOTAL 

Shallow seedbank (0 to 5 cm) 1991 
Scribners panicum 
Sand lovegrass 
Prairie junegrass 
Sand dropseed 
Sedges 
Marestail 
Woolly plantain 
TOTAL 

Deep seedbank (15 to 20 cm) 1990 
Sand lovegrass 
Sand dropseed 
Marestail 
TOTAL 

Deep seedbank (15 to 20 cm) 1991 
Scribners panicum 
Sand dropseed 
TOTAL 
Chilled 

Shallow seedbank (0 to 5 cm) 1990 
Hairy grama 
Scribners panicum 
Sand lovegrass 
Prairie Junegrass 
Sand dropseed 
Sedges 
Marestail 
Rough fleabane 
Spurge 
Woolly plantain 
TOTAL 

Shallow seedbank (0 to 5 cm) 1991 
Hairy grama 
Scribners panicum 
Sand lovegrass 
Prairie Junegrass 
Sand dropseed 
Sedges 
Marestail 
Spurge 
Woolly plantain 

TOTAL 
Deep seedbank (15 to 20 cm) 1990 

Scribners panicum 
Sand lovegrass 
Sand dropseed 
Sedges 
Marestail 
Rough fleabane 
TOTAL 

Deep seedbank (15 to 20 cm) 1991 
Hairy grama 
Sand lovegrass 
Sand dropseed 
TOTAL 

(Continued on page 61) 

2 
6 

8 

6 
2 

112 
5 

12.5 

1 
10 
11 

80 
1 

1 

104 

13 
3 

I1 

143 
3 

5 

178 

_ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ - _ (Plants/O,05 ms) ,- _ _ _ _ _ _ 

5 
6 

11 

1 

29 

30 

2 
1 
1 
4 

1 
9 

2 
2 

2 

4 
2 

6 
1 
9 

3 

25 
1 

2 
2 
2 

29 6 

3 
1 
2 
6 

2 
19 

3 
11 
1 

2 
38 

1 
1 

I 
24 
5 
4 

3 
39 

2 
2 
I 
7 
6 
3 

4 
25 

1 

9 
3 
8 

21 

I 
1 

2 

1 

50 

6 

4 
63 

2 

I1 
6 

6 
25 

4 
I3 
14 
IO 
41 

IO 
22 
2 

149 
25 
4 

11 
223 

2 
1 
9 
12 

I 
2 
3 

1 
18 
13 
I 

83 
79 
7 
10 
1 
8 

221 

I3 
7 

I6 
3 

177 
23 
9 
5 

IO 
263 

1 
1 
7 
4 

11 
I 

25 

I 
2 
3 
6 
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Table 3. Continued 

Species/categories 
Seedbank 

Week Week Week Week Week 
l-3 46 l-9 lo-12 13-15 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Main Effect Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Year 
1990 
1991 
P>F 

hP& 
Oto5cm 
10 to 15 cm 
P>F 

Treatment 
Chilled 
Unchilled 
P>F 

Grasses Grass-like Forbs 

40 21 14 
102 12 10 

0.0023 0.424 1 0.1758 

137 32 19 
5 1 5 

0.0007 0.0001 0.0081 

87 27 16 
55 6 8 

0.0058 0.0024 0.006 

Chilled Seeds. The seedbank contained dormant seed. Chilling 
increased seedling emergence for grasses (P < O.Ol), grass-like 
species (P < O.Ol), and forbs (P < O.Ol), averaged across year and 
depth (Table 3). Chilling also increased the number of species 
that emerged. The difference in seedling emergence between 
years was smaller than for the unchilled treatment. Sand dropseed 
was the most abundant species to emerge in both years at both 
depths with chilling. Marestail was the most abundant forb. 

tent seed banks in perennial vegetation is the result of the prefer- 
ence for large food sources exhibited by many seed eaters. The 
greater presence of sand lovegrass (indicative of high seral stage) 
was possibly a result of its relatively small seed, which would 
minimize seed predation (Thompson 1987). 

Discussion 

In this study, the seedbank was dominated by seeds of larnb- 
squarters and annual eriogonum, both annual forbs. Above- 
ground vegetation, however, was dominated by perennial warm- 
season grasses (51% of the vegetation). A lack of similarity 
between the species composition of above-ground vegetation and 
the species composition of the seedbank supports results of earli- 
er research in this biome (Louda 1989, Rice 1989, Johnston et al. 
1969); however, Henderson et al. (1988) documented strong sim- 
ilarities between seedbank species composition and above-ground 
composition in desert vegetation. Rice (1989) determined that the 
amount of above-ground vegetation was dissimilar to the number 
of seeds in the seedbank, and the emergence population was pro- 
portionately different from the seed population in the seedbank. 

The limited forb emergence was unexpected, based on previous 
literature and the seedbank size. Apparently, the survival (consid- 
ering seed predation) of many of the forb seeds was relatively 
short and/or there had been relatively small numbers contributed 
by recent seed rain. Previous Nebraska research indicated that 
seeds of annual weed-species were generally short-lived as com- 
pared to biennial and perennial weed seeds. Downy brome had 
little seed carry-over from one year to the next; however, lamb- 
squarters seeds presented a longer carryover in a Nebraska study 
(D. Mortensen, Department of Agronomy, University of 
Nebraska-Lincoln, personal communication). West and Durham 
(1991) reported decreased seed rain during drier years. During 
this study higher precipitation in 1990, particularly in May and 
June, may have resulted in a higher germinable seed yield and 
greater seed rain compared to 1989. 

Knowledge of the seedbank dynamics of species that make up a 
community can provide an understanding of important limiting 
factors or processes that occur within that community (Leek et al. 
1989). A seedbank conserves genetic variability. Templeton and 
Levin (1979) stated that seeds in a seedbank provide a population 
with a “memory” of the selective conditions that prevailed in the 
past as well as more recent conditions. Rice (1989) determined 
that the Tallgrass Prairie of Missouri had 24 species identified in 
the seedbank, and the Mixed grass Prairie of Kansas had 21. The 
total number of germinable seeds/m* in the seedbank varied from 
406 to 6,368 in the Mixed-grass and Tallgrass Prairie, respective- 
ly (Rice 1989). Rabinowitz and Rapp (1980) reported 30 species 
in the seed rain of a tall grass prairie in Missouri. 

There was extensive seed damage observed in the seed census 
across all samples, which suggested that the seedbank was altered 
significantly by seed predation. Thompson (1987) suggested that 
the minute size of seeds in the majority of species forming persis- 

A high percentage of temperate zone species have some seed 
dormancy, and many seeds in buried seedbanks exhibit annual 
(Baskin and Baskin 1989) and seasonal (Karssen 1980) dorman- 
cy/nondorrnancy cycles. Assuming that there had been at least 1 
winter of after-ripening, the improvement in emergence and/or 
germination as a result of prechilling was consistent with the data 
of Baskin and Baskin (1989). 

The low number of annuals and the relative abundance of 
perennial grass seedling emergence in this study do not support 
traditional successional theory. Among perennial grasses, sand 
dropseed was the most abundant species that emerged in either 
year or from either depth. Sand dropseed exhibits a temporal dis- 
persal/colonization strategy (Rice 1989), and creates extensive 
seed reserves in the soil (up to 20,000 seeds/m*) following inva- 
sion after disturbance (Lippert and Hopkins 1950). Sand 
dropseed, while low in percent cover (< I%), contributed a sig- 
nificant number of seeds to seed rain (50%) at other Sandhills 
sites (Potvin 1988). Sand dropseed, Scribners panicum, and sand 
lovegrass would be important in secondary succession because 
they emerged during the first 3 weeks in the greenhouse trial. 
Scribners panicum appeared to be the cool-season analogue of 
sand dropseed. 
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Forbs emerged mostly in the last 3 weeks of the trial. The 
major forbs were woolly plantain and marestail. This is consistent 
with observations on abandoned Sandhills cropland 1 year after 
seedbed preparation (King 1987). The pattern of emergence 
emphasized the competitive advantage of sand dropseed, since it 
consistently emerged prior to other species, including forbs. 

Conclusions 

Above-ground botanical composition and range condition were 
not correlated with (P > 0.10) seedbank species composition. 
Fourteen grass species, 17 forb species, and Schweinitz flatsedge 
were identified in the seed bank. Two additional genera (Curex 
and Euphorbiu) also occurred in the seedbank The composition 
of the seedbank exhibited yearly variation that was consistent 
with variability in annual precipitation, as well as rapid turnover 
rates and relatively high losses. More germinable seeds occurred 
in the 0 to 5 cm depth (P < 0.01) than the 15 to 20 cm depth. 
Also, the species diversity and seed number were greater in the 
shallower depth. The prechilling treatment increased germination 
percentage for most species, suggesting that many seeds of the 
Nebraska Sandhills Prairie are dormant. Prechilling also 
increased seedling emergence of grasses (P < O.Ol), forbs (P < 
O.Ol), and grass-like species (P < 0.01). 

Germination percentage was low for all species/categories with 
sand dropseed having the highest (10%). Lambsquarters and 
annual eriogonum had the largest seedbanks, but germination was 
less than 6%. Sand dropseed and sand lovegrass were the most 
abundant perennial grasses and accounted for about 60% of ger- 
minated seeds. Perennial grasses emerged first, forbs later, and 
grass-like species exhibited a bimodal emergence pattern. Based 
on seedbank quantity, germination percentage and emergence 
data, sand dropseed has the potential to colonize openings in the 
Sandhills prairie, possibly to the exclusion of many annuals 
occurring in the seedbank. 
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Abstract 

Freezing temperatures in winter were hypothesized to be a 
major cause of mortality of tillers following defoliation of north- 
ern wheatgrass (Agropyron dasystachyum [Hook.] Scribn., syn. 
Elymus lanceolatus [Scribn. & Smith] Gould). Cold-hardiness of 
northern wheatgrass tillers was determined following a single 
mowing to a 5-cm stubble height in late May, June, July, or 
August in 1992 or 1993 in southwestern Saskatchewan. An 
unmowed control was also included. Cold-hardiness was deter- 
mined in early and late winter immediately following mowing by: 
1) exposing tillers to controlled temperatures ranging from -3 to 
-36”C, or; 2) exposing them to -15°C for 0 to 15 days. The LTso 
(temperature at which 50% of tillers died) of northern wheat- 
grass tillers in early winter ranged from -29.5 to <-36.0°C in 
1992-93, and averaged -24.0°C in 1993-94. In late winter LT, 
ranged from -18.1 to -22.6W in 1992-1993, and it averaged -22.oOC 
in 1993-1994. The LDurs (duration at which 50% of tillers died) 
of tillers exposed to -15’C for 0 to 15 days ranged from 8.0 to 
13.1 days in early winter, and 2.7 to 4.7 days in late winter. 
Unexpectedly mowed tillers were generally more cold-hardy than 
those from control. In early winter LTa was 1.5 to 10°C lower 
for mowed than control tillers. The hypothesis that defoliation 
reduces cold-hardiness of northern wheatgrass was rejected. The 
degree or duration of cold stress in the field ls generally htsuff~- 
cient to reduce tiller survival in northern wheatgrass. Late win- 
ter through early spring is a critical period for tiller survival of 
northern wheatgrass because cold-hardiness declines this time of 
the year. Maintaining insulating cover can moderate soil temper- 
atures and reduce damage to plants from freezing temperatures. 

Keywords: Agropyron absyskzchyum (Hook.) Scribn., cold stress, 
crown temperatures, Elymus lanceolatus (Scribn. & Smith) 
Gould, freezing tolerance, grazing, Northern Mixed Prairie, tiller 
survival 

Freezing temperatures during winter, and the attendant cold 
stress that plants experience, may substantially impact plants on 
the Canadian Prairies. Plants must develop cold-hardiness in 
autumn, and maintain it throughout winter and early spring 
(Burke et al. 1976). Defoliation can directly or indirectly alter 
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cold-hardiness and survival of plants. Improper timing, frequen- 
cy, or intensity of defoliation can reduce winter survival of tillers 
(Lawrence and Ashford 1969a, 1969b, Harrison and Romo 1994). 
Removal of insulating, vegetative cover through grazing also cre- 
ates a colder winter environment for plants, increasing cold stress 
(Johnston et al. 1971). 

Northern wheatgrass (Agropyron dasystachyum [Hook.] 
Scribn., syn. Elymus lanceolatus [Scribn. & Smith] Gould), a 
perennial, cool season, rhizomatous species is a dominant on soils 
of heavy texture in southern Saskatchewan and Alberta 
(Coupland 1950). Slow recovery of aboveground net primary 
production following defoliation of northern wheatgrass 
(Kowalenko and Romo 1997) may reflect increased sensitivity of 
plants to freezing temperatures and a colder microenvironment. 
Effects of defoliation on cold-hardiness of northern wheatgrass 
have, however, not been evaluated. Our hypothesis was that 
increased mortality of tillers and reduced production of northern 
wheatgrass are consequences of grazing on rangelands dominated 
by this perennial. We predicted that defoliation during the grow- 
ing season would reduce cold-hardiness of northern wheatgrass. 
The objective of this study was to examine the effects of 4 differ- 
ent dates of mowing during the growing season on cold-hardiness 
of northern wheatgrass the following winter. 

Materials and Methods 

Site Description 
Research was conducted from 1992 through 1994 at the 

University of Saskatchewan, Matador Research Station, about 70 
km north of Swift Current, Saskatchewan (50”42’N, 107”43’W, 
elevation 685 m). Soils are heavy clay belonging to the Rego 
Brown and Calcareous Brown subgroups in the Sceptre associa- 
tion of the Chemozemic Order (Aridic Borolls) (Coupland et al. 
1974). Temperatures of the region average 3.3”C, and range from 
a monthly mean of -145°C in January to 18.8”C in July 
(Environment Canada 1992). Average daily air temperature is 
typically c 0°C from late October or early November until early 
to mid-March. Minimum recorded temperatures are -19.4, -30.6, 
-39.4, -42.8, -38.9, -35.6, and -26.7”C for October, November, 
December, January, February, March, and April, respectively. 
Annual precipitation averages 327 mm with about 60% received 
from May through August. 

Vegetation of this clayey range site belongs to the Agropyron- 
Koeleria faciation of the Northern Mixed Prairie with northern 
and western wheatgrass (Agropyron smithii Rybd., syn. 
Pascopyrum smithii [Rydb.] Love) potentially producing about 
75% of the phytomass (Coupland et al. 1974). Typically 80-85% 
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of this total is produced by northern wheatgrass (Coupland 1950). 
This range, ungrazed for over 25 years, is in excellent condition. 

Precipitation records were obtained from Beechy, 
Saskatchewan, 40 km northeast of the study site. Annual precipi- 
tation in 1992 was 110% of the 30-year mean of 327 mm, where- 
as precipitation in 1993 was 123% of normal. 

Experimental Design 
Five treatments of defoliation (mowing) to a 5-cm stubble in 

late May, late June, late July, or late August, plus an unmowed 
control, were imposed in 1992 and 1993. Plants were mowed only 
once and mowed material was removed from the plots. Treatments 
were applied in a randomized-complete-block design with 5 repli- 
cates in 1992 and 4 replicates in 1993. Plots established in 1992 
were 5 X 10 m whereas those in 1993 were 5 X 5 m. 

The first winter following mowing, northern wheatgrass tillers 
were collected from each replicate, and their cold-hardiness was 
determined. Early winter tests on 11 November 1992 and 30 
October 1993 examined tillers at, or close to, their maximum 
annual level of cold-hardiness (Gusta and Chen 1987). Late win- 
ter tests on 6 March 1993 and 19 March 1994 examined the 
effects of winter dormancy on the cold-hardiness of tillers. Tillers 
were collected by removing patches of sod from plots to about a 
20-cm depth. Tillers were then separated from soil either in the 
field or laboratory, and placed in moist “Redi-Earth” potting 
medium in metal containers, 6.0 cm in diameter and 4.5 cm tall. 

In Experiment I, conducted in both years, tillers were exposed to 
10 freezing temperatures in a randomized-complete-block design 
using 2 replicates of 20 tillers containei’ for each mowing treat- 
ment and freezing temperature. Containers with tillers were placed 
in a programmable freeze chamber and held at -3°C for 12 hours to 
facilitate uniform freezing. Chamber temperature was reduced 2°C 
hour“ until it reached -19”C, then at 5°C hour-’ until it reached 
-36°C. Containers with tillers were removed from the freeze cham- 
ber at -3, -6, -12, -18, -21,-24, -27, -30, -33, and -36°C. 

In Experiment II, conducted in 1993-94, tillers were exposed 
to -15°C for 11 durations in a randomized-complete-block 
design using 4 replicates (containers) of 10 tillers for each 
mowing and freezing treatment. Temperature of the freezer was 
held at -3°C for 12 hours and then reduced 2°C hour’ until it 
reached -15°C. The -15°C temperature represents the approxi- 
mate minimum temperature measured at the crown level in the 
field (Romo, unpub. data). Tillers were then transferred to a 
freezer that was set at -15°C. Temperatures in this freezer 
increased 5 to 7°C during placement of samples and required 
about 12 hours to stabilize at -15°C. In the late winter test in 
1994, the temperature stabilized at about -16°C. Containers with 
tillers were removed after 0,2, 12,24, or 48 hours, and 3,4,5,6, 
7, or 15 days. 

Tillers removed from freezing treatments in 1993 and 1994 
were stored at 2 to 5°C for l-3 days to prevent temperature 
shock. Tillers were then transplanted into flats filled with moist 
“Red&Earth” potting mixture, and placed in a greenhouse at 20°C 
with 12 hours of light averaging 180 pmol mm2 s-i. After 5 weeks, 
tiller survival and shoot biomass were determined for each mow- 
ing treatment and freezing temperature. Tillers were clipped at 
soil level, dried at 80°C for 48 hours, and weighed. 

In 1993-94, water content on a dry-weight basis, was deter- 
mined on 4 replicates of 10 tillers from each mowing treatment. 
Tillers were weighed fresh, oven-dried at 80°C for at least 24 
hours, and reweighed. 

Data Analysis 
Effects of freezing on LT50 (Lethal temperature at which 50% of 

tillers died), LDur50 (Lethal duration at which 50% of tillers died), 
tiller survival, and shoot biomass were examined with a factorial 
analysis of variance and orthogonal contrasts (Little and Hills 
1978). Where significant differences existed, means were com- 
pared using LSD. The following orthogonal contrasts were con- 
ducted: 1. Control vs. mowing; 2. May vs. June mowing; 3. July 
vs. August mowing, and; 4. May and June mowing vs. July and 
August mowing. Relationships between freezing temperature or 
duration of exposure to -15°C and LT50, LDur50, tiller survival 
and shoot biomass in the 5 mowing treatments were characterized 
using regression analysis (Little and Hills 1978). Contrasts were 
conducted to determine whether regression relationships for each 
experiment were linear, quadratic, or cubic in relation to freezing 
duration or temperature. In all cases, percent survival data were 
transformed into their arcsine before analysis; untransformed data 
are presented to provide a clear expression of results. 

Water content of tillers was analyzed with analysis of variance. 
Where significant differences existed, treatment means were 
compared using LSD. Statistical significance was at P c 0.05 in 
all experiments. 

Results 

Varying Degrees Of Cold Stress 
In all tests, tiller survival and biomass production decreased as 

temperatures declined from -3 to -36°C. In early and late winter 
1992-93, LT50 of mowed tillers was about 3 to 6°C lower than 
that of the control (Table 1). In early winter 1992-93, tillers 
mowed in May or July had lower LT50 than those mowed in 
August. LT50 was similar among mowing treatments in late win- 
ter, averaging -22.O”C. Among mowed tillers, early winter sur- 
vival was greatest for those treated in July and poorest for those 
in the August treatment, but none of these differences persisted 
into late winter (Fig.1). 

Table 1. The LTm (temperature (“C) at which 50% of the tillers died) 
for northern wheatgrass tillers mowed in 1992, collected in winter 
1992-1993, and exposed to a temperature gradient of -3 to -36V. 

Time of 
mowing 

Control 
May 
Jun 
JUI 
*ug 

Time of collection 
Early winter Late winter 

-----------(“C) -----_____ 
-29.5d’ -18.lb 

c -36.Oab -22Sa 
-34.5bc -21.4a 

< -36.Oab -22.6a 
-32.1~ -21.3a 

SE 1.0 0.8 

IMeans within columns followed by the same letter are not sigaiticantly ditkent using 
LSD (P > 0.05). 

In early and late winter 1993-94, LT50 was similar among all 
treatments, averaging -24.0 (SE=1.2) and -22.O”C (SE=1.9), 
respectively. In early winter 1993-94, survival of mowed tillers 
was greater than survival in control (Fig. 2). Orthogonal contrasts 
among mowing treatments, excluding control, revealed that in 
early and late winter 1993-94, tillers mowed in May or June had 
greater survival over the range of temperatures than those mowed 
in July or August (Fig. 2). 
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Fig. 1. Response curves for survival of northern wbeatgrass tiers 
mowed in 1992 and exposed to tempetatures between -3 and -36’C 
in early and late winter 1992-93. The regression equations for early 
winter are: Y=93.6-1.05X-0.862X2, R*=0.97 for control; 
Y=+3.7-0.787X-O.O538~, R-86 for May; Y=88.7-2.14X-0.09=, 
R’10.92 for June; Y=89.2-1.42X-0.05%X2, R*=O.82 for July, and; 
Y~3.2-O.!WX-O.O704~, R*Q.90 for August. The regression equa- 
tion for late winter is: Y=76.3-532X-0.47X2-0.0976X3, R*=O.98. 

Total tiller biomass was similar among mowing treatments in 
early and late winter 1992-93 (Fig. 3). In early winter 1993-94, 
contrasts indicated tillers mowed in May or June were heavier 
than those treated in July or August (Fig. 4); biomass of control 
tillers was between these extremes. In late winter 1993-94, tiller 
biomass was similar among all treatments (Fig. 4). 

Table 2. The LDur5t) (duration (days) at which 50% of tillers died) and 
weights for northern wheatgrass titters exposed to -WC for 0 to 15 
days in late winter of 1993-94. 

Control May 
Time of mowine in 1993 

Jun Jul Aw SE 

3.3bcj 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (LD,q,$ _ _ _ Qlab- _ _ __ -06 _ _ 

4.lab 2.k 4.7a 
_-------_---_--- (g lotillers-‘) -.--: ---------. ---_ 

0.14bc O.lSabc 0.12c 0.17a 0.16ab 0.003 

‘Means within a parameter followed by the same letter are not significantly different 
wing LSD (P > 0.05). 
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Fig. 2. Response curves for survival of northern wheatgrass tillers 
mowed in 1993 and exposed to temperatures between -3 and 
-36V in early and late winter 1993-94. The regression equations 
for early winter are: Y=59.4-8.48X-0.639X~.0101X3, R*=O.98 for 
control; Y-74.4-5.67X-0.374X2-0.00438X’, R’=0.99 for May; 
Y=90.5-2.47X-0.192X2-0.00163X3, R*=0.96 for June; 
Y=68.4-6.69X-0.051X2-0.00787X3, R2=0.91 for July, and; 
Y=64.1-5.65X-0.383X2-0.00511X3, R*=O.97 for August. The reqres- 
sion equations for late winter are: Y=65.6-7.82X+561X-0.00804X3, 
R*=O.97 for control; Y=69.5-727X-O~-O.o.o06871T, R*=O.95 for 
May; Y=58.4-10.4X-0.725X2-0.0108X3, R”=0.98 for June; 
Y=61.0-8.87X-0.629X2-0.00929X3, R*=0.95 for July, and; 
Y;.793-3.1X-0.3~-0.00517X3, R*=O.% for August. 

Varying Durations of Cold Stress 
In early winter, tiller survival decreased linearly as duration of 

exposure to -15°C increased (Fig. 5). Survival of control tillers 
was lower than for mowed ones. Orthogonal contrasts indicated 
survival of tillers mowed in July was less than those treated in 
August. LDurso was similar among mowing treatments, averag- 
ing 10.1 days (SE=2.5). 

In late winter tiller survival decreased sharply and curvilinearly 
as duration of exposure to -15°C increased (Fig. 5). Fewer con- 
trol tillers survived than ones mowed in May, July, or August. 
May mowing resulted in higher survival than June mowing, and 
July mowing increased tiller survival compared to August. 
LDurso declined from early to late winter. In late winter, tillers 
from the May, July, or August mowing treatments tolerated 
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Table 3. Weights for northern wheatgrass tillers exposed to -15°C for 0 to 15 days averaged across the 5 mowing treatments imposed in 1993. 

Season 

&lY 
winter 

Hours Davs 
0 2 12 24 2 3 4 5 6 I 15 SE 

____-_-________-________ __________.______ (glOtillerse’)--- _________________-. - ________________ 

0.56a’ 0.39b 0.57a 0.54a 0.53a 0.62a 0.39bc 0.27d 0.30bcd 0.36bcd 0.08e 0.056 

Late 
winter 0.35a 0.22b 0.19bc 0.21b 0.21b 0.16cd 0.12de 

’ Means within rows followed by the same letter are not significantly different using LSD (P > 0.05). 

0.07ef 0.04fg 0.08ef O.Olg 0.024 

-15°C about 60% longer than June mowing (Table 2). LDur50 
was similar for the control and June mowing. 

In early winter tiller weights were similar among mowing treat- 
ments, averaging 0.24 g 10 tillers-’ (SE=0.003). Biomass produc- 
tion of tillers was, however, reduced by exposure to -15°C for 
more than 3 days (Table 3). Weights of tillers held at -15°C for 2 
hours were inexplicably less than those exposed for 12 hours to 3 
days. In late winter biomass of tillers was reduced by exposure to 
-15°C for 2 hours or more, and progressively declined with 
increasing duration (Table 3). Averaged over the 0 to 15 day 
duration, control tillers and those mowed in June were smaller 
than ones treated in July (Table 2). 

Tiller Water Content 
In early winter 1993-94, water content of control and June 

mowed tillers was less than those mowed in May or July (Table 
4). Water content of tillers mowed in August was intermediate to 
these extremes. Tillers mowed in May or June had the lowest 
water content in late winter, while that of control and August 
mowed tillers was greatest. 

Discussion 

Apart from late winter 1993-94, survival of control tillers was 
poorer than mowed tillers in all experiments, an unexpected 
response because most research suggests that defoliation reduces 

9 I \ I 

ok............................... 
0 -6 -12 -18 -24 -30 -36 

Temperature (“c) 

Fig. 3. Response curves for biomass production of northern wheat- 
grass tillers mowed in 1992 and exposed to temperatures between -3 
and -36V in early and late winter 1992-93. The regression equa- 
tion for early winter is Y=O.538-0.0485X -O.O0385P-0.000060X3, 
R’=O.98, and late winter Y=1.38-0.0017X-0.00379X-0.000075X3, 
R’=O.9& 
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winter survival of plants (Biswell and Weaver 1933, Lawrence 
and Ashford 1969a, 1969b). We therefore reject the hypothesis 
that a single defoliation reduces cold-hardiness of northern 
wheatgrass. 

Several factors likely contributed to the observed differences in 
tiller survival. Plants were ungrazed for > 25 years before mow- 
ing and likely possessed maximum vigor. Single mowing of 
plants in this study likely produced fewer negative effects on 
physiology and tiller survival than repeated defoliation. Better 
survival of mowed tillers may have been caused by defoliation- 
dependent mortality. Mowing may have killed weaker tillers, 
leaving only the hardiest. Temperature and water availability can 
also affect the hardening and dehardening processes in plants. 

Findings from 1992-93 suggest that control tillers contained 
more water than mowed ones. In early winter 1993-94, however, 
water content of control tillers was low, and their survival was 
poorest. Reduced water content in crowns or tillers typically 
increases cold-hardiness (Gusta and Chen 1987). Excluding con- 
trol, water content of tillers was correlated with survival; drier 
tillers survived better than those containing more water. An 
exception to this occurred when tillers were exposed to -15°C for 
0 to 15 days; water content of tillers did not correlate with the rel- 
atively poor survival of tillers mowed in June or higher survival 
of those mowed in August. Since tiller water content did not 
explain all differences in survival, other factors must be involved. 

Cold-hardiness may be induced by abscisic acid (Reaney and 
Gusta 1987, Salisbury and Ross 1992) which in turn induces bud 
dormancy in plants. Production of abscisic acid is stimulated by 
water stress, which as indicated, may have been greater in defoli- 
ated plants. Water stress may have also reduced cell size 
(Salisbury and Ross 1992), and tissues with smaller cells are less 
prone to freezing injury than those with larger ones (Levitt 1980). 

Reduced cover on mowed plots may have predisposed plants to 
ambient air temperatures (Whitman 1974). As temperatures 
cooled in autumn and hardening began, colder temperatures may 
have enabled mowed plants to harden more rapidly and thorough- 
ly than in control. On the other hand colder temperatures that 

Table 4. Crown water content of northern wbeatgrass tillers mowed in 
1993 and collected the following winter. 

Time of Time of collection 
mowing Early winter Late winter 

------ (%ofdryweight)------ 
Control 182b’ 219ab 
May 202a 244c 
Jun 180b 26Oc 
Jul 205a 264bc 

-% 196ab 288a 
SE 8 8 

‘Means within a column followed by the same letter are not significantly different (P > 
0.05) using LSD. 
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Fig. 4. Response curves for biomass production of northern wbeat- 
grass tillers mowed in 1993 and exposed to temperatures between -3 
and -36°C in early and late winter 1993-94. The regression equa- 
tions for early winter are: Y=0.306-0.0324X-0.00288~-0.000049X3, 
RZ=0.98 for control; Y=O.313-0.0388X-0.00294X*-0.000045X3, 
R’zO.98 for May; Y=O.434-0.0088X-0.00116~-0.000016X3, R2=0.97 
for June; Y=0.319-0.0089X-0.00121X~-0.00002X3, R’=O.92 for July, 
and; Y=O.231-0.0205X-0.0017X2-0.000027X’, R’=O.% for August. 
The regression equation for late winter is Y=O.312- 
0.0226X-0.00206~-0.000033X3, R*=O.98. 

mowed plants experience may also reduce tiller survival. Plants 
typically begin dehardening in late winter and early spring when 
soil temperatures increase (McKenzie and McLean 1980). Since 
temperatures to which mowed plants are exposed are more close- 
ly linked to prevailing air temperatures, plants may deharden 
sooner and more rapidly, and suffer greater freezing-related dam- 
age (Ouellet 1977). Thus, although mowed tiliers tolerated low 
temperatures better than the control, they also experienced more 
cold stress in the field (Kowalenko 1995) because of reduced 
cover, less insulation, and less snow-trapping. 

In early winter 1992-93 tillers were more cold-hardy than in 
1993-94. Tillers were collected about 2 weeks later in 1992 than 
in 1993. In 1993, tillers may not have achieved their maximum 
level of cold-hardiness, while in 1992 plants were probably fully 
hardened (Gusta and Chen 1987). Environmental conditions that 
favor growth in autumn can reduce cold-hardening of plants 

Duration of Freezing (hours) 

August 

266 
Duration ol Freezing (hours) 

0 

Fig. 5. Response cumec for survival of northern wheatgrass tillers 
mowed in 1993 and exposed to -1S’C for 0 to 15 days in early and 
late winter 1993-94. Regression equations for early winter are 
Y=84.3-0.18X, 2=0.79 for control; 91.8-0.196X, ?=0.93 for May; 
Y=94.5-0,18X, $=0.90 for June; Y=83.2-0.144X, r”=O.87 for July, 
and; Y=92.4-0.162X, ?=0.90 for August. Regression equations for 
late winter are: Y=81.3-0.198X-0.00272X2-0.002722, R*=O.94 for 
control; Y=85.7+0.043X-0.00445X~+0.00001X3, R*=0.95 for May; 
Y=79.6+0.038X-0.0104X2+0.000044X3, R*=0.95 for June; 
Y=79.2+0.229X-0.00483X2+0.00001X3, R*=0.91 for July, and; 
Y=83.2+0.077X-0.00511X*+0.000012X3, R’xO.93 for August. 

(McKenzie and McLean 1980). In the present study, moist soil in 
autumn 1993 may have stimulated growth and delayed hardening. 
By comparison minimal growth occurred in 1992 when moisture 
was limited. 

In summary, northern wheatgrass potentially may become very 
cold-hardy; LT50 ranging from -29.5 to < -36.o”C place this 
species among the most cold-hardy grasses of the Canadian 
Prairies. Other native grasses from this region tolerated tempera- 
tures of -27 to -35°C (Limin and Fowler 1987, Schwarz and 
Reaney 1989). Although the likelihood of damage to northern 
wheatgrass from freezing is usually low (Kowalenko 1995) some 
tillers will die each winter because of exposure to lethal, freezing 
temperatures. Reductions in tiller survival and biomass produc- 
tion begin when temperatures fall between -12 and -18”C, and 
damage to plants from freezing is most likely when they dehard- 
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en in late winter through early spring. It is therefore critical to 
maintain a protective cover of dead phytomass during this period 
for standing plant material can moderate soil temperatures by 
4-5°C (Aase and Siddoway 1979), reducing cold-stress on plants 
(Kowalenko 1995). Presence of dead phytomass also enhances 
productivity on Northern Mixed Prairie (WiIims et al. 1986, 
1993). Under proper management (Zhang and Romo 1994, 
Kowalenko and Romo 1997) winter survival and productivity of 
northern wheatgrass should not be impaired. 
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Abstract 

Indicators of nutrient intake were compared for beef steers 
grazing tallgrass prairie managed with continuous grazing or 8- 
paddock short-duration grazing. Two replicates of each grazing 
system were evaluated during the 2 year study. Stocking rates for 
the grazing systems were similar in both years. Within each 
treatment replicate, 3 steers fitted with ruminal and duodenal 
cammlae grazed for the entire grazing season (late April through 
late September) with larger groups of intact steers. Rest periods 
for the I-paddock cells were lengthened as the season progressed 
and forage accumulation rate slowed. Trials occurred in early 
June and early August in year 1 and early July and early 
September ln year 2. Flow of organic matter and nitrogen at the 
duodenum, fecal nitrogen concentration, and fecal output were 
used as indicators of nutritional status. Chromic oxide was used 
as a flow marker. Flow of organic matter, total nitrogen, and 
microbial nitrogen at the duodenum in addition to fecal output 
were lower (P < 0.04) with short-duration ‘grazing and indicate 
that forage intake and digestible organic matter intake were 
depressed in steers on the short-duration grazing treatment. 
Forage digestible organic matter intake, estimated from micro- 
bial protein flow, was 19.3% lower (P < 0.03) on short-duration 
grazing. Fecal nitrogen concentration was higher Q < 0.03) for 
steers under continuous grazing. Diet crude protein estimated 
from fecal nitrogen was 24.4 g kg-’ organic matter higher for con- 
tinuous grazing. These results suggest that both diet nutrient 
composition and intake were depressed in steers in the short- 
duration grazing treatment. These observations partially explain 
the lower weight gains and higher end-of-season residual stand- 
ing vegetation noted with short-duration grazing in concurrent 
grazing trials on these rangelands. 

Key Words: rangeland, short-duration grazing, nutrition, forage 
intake 

The information presented in this report is part of a broader 
effort to determine the effects of stocking rate and grazing 
method on tallgrass prairie vegetation and steer production from 
these rangelands. Recently, we reported that 4 complete cycles 
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through an g-paddock system optimized nutrient composition in 
the diets of steers grazing tallgrass prairie in the spring and sum- 
mer (McCollum et al. 1994). However, forage intake was not 
measured in that study. Tiller defoliation studies have shown that 
cattle grazing tallgrass prairie discriminate among big bluestem 
[Andropogon gerardii Vitman], indiangrass [Sorghustrum nutans 
(L.) Nash] and little bluestem [Schizachyrium scoparium 
(Michx.) Nash] (Gillen et al. 1990; Jensen et al. 1990). Jensen et 
al. (1990) observed that big bluestem tillers reached a moderate 
level of defoliation several days earlier than tillers of either indi- 
angrass or little bluestem. Because of selective grazing, cattle can 
maintain diet quality at a relatively high level but possibly at the 
expense of forage intake (Forbes 1987). 

In 1989, we initiated production-scale research to compare vegeta- 
tion dynamics and steer performance under continuous and rotational 
grazing management on tallgrass prairie. Over a 6-year perid steer 
performance was consistently lower under rotational grazing (Gillen 
et al. 1992; unpub. data R.L. Gillen and F.T. McColhun). In addi- 
tion, more residual forage has been present in the rotationally grazed 
units at the end of the grazing season (Cassels et al. 1995). Based on 
defoliaton studies and steer performance in these same experimental 
pastures, Demer et al. (1994) hypothesized that the higher end-of- 
season residue, as well as lower steer performance, resulted from 
reduced forage intake by the steers rather than increased forage pn+ 
duction in the rotationally grazed units. The following study was 
undertaken to determine if forage and nutrient intake were indeed 
different for steers grazing tallgrass prairie managed with continuous 
or g-paddock short-duration grazing. 

Study Area 

The study was conducted on the Oklahoma Agricultural 
Experiment Station Research Range approximately 21 km south- 
west of Stillwater, Okla. Climate of the area is continental with 
an average growing season of 204 days extending from April to 
October. Annual mean temperature is 15°C with average mini- 
mum and maximum temperatures ranging from -4.3”C in 
January to 34°C in August. Precipitation in Stillwater averages 
831 mm with 65% falling as rain between May and October 
(Myers 1982). 

Primary range sites on the study area were shallow prairie, 
loamy prairie, eroded prairie, and sandy Savannah. At the time of 
the study, the vegetation on the prairie sites was in a high seral 
state (Demer et al. 1994) and consisted of 28% little bluestem, 
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30% big bluestem, indiangrass, and switchgrass [Panicum virga- 
fum L.], 25% midgrasses, and the remainder being forbs, short- 
grasses, and annual grasses (Demer et al. 1994). 

Methods 

Grazing treatments consisted of continuous grazing and g-pad- 
dock short-duration grazing at common stocking rates. The treat- 
ments were replicated twice. The stocking rates for the 2 repli- 
cates were 1.17 and 1.3 ha head-‘. Within replicate, stocking rates 
were similar for the 2 grazing treatments. The grazing units were 
between 20.6 and 25.5 ha in size and were grazed with 16 to 21 
head of beef steers. Grazing was initiated in late April and termi- 
nated in late September in both years of the study. Rotation 
schedules were based on previous research at this location (Gillen 
et al. 1990, McCollum et al. 1994). Four grazing cycles were 
completed during a 5 month spring/summer grazing season. 
Average rest periods were lengthened from 21 days in cycle 1 to 
49 days in the final cycle. Grazing and rest periods within a cell 
were adjusted for paddock quality differences. A “Paddock quali- 
ty” value was assigned to each paddock within an g-paddock unit 
based on soil type and estimated forage production for the pad- 
dock. These values were initially assigned in 1989 when the actu- 
al grazing studies began. Each year, paddock ratings were evalu- 
ated and adjusted based on end-of-season residue levels. The pas- 
tures were not burned in either year and chemical herbicides and 
fertilizers were not applied in either year. Methods for any of the 
vegetation measurements mentioned in the text were described by 
Cassels et al. (1995). 

Three steers fitted with cannulae in the rumen and proximal 
duodenum were included in each of the herds grazing the 4 
experimental units (12 head total/year). A different set of steers 
was used each year. In year 1, initial weights for the treatment 
replicates averaged from 384 to 388 kg head while in year 2 the 
initial weights averaged from 351 to 360 kg head-’ for the repli- 
cate groups. The cannulae were surgically fitted by licensed vet- 
erinarians in the Oklahoma State University School of Veterinary 
Medicine. All experimental procedures had been approved by the 
University Animal Care Committee. 

Two trials were conducted each year to quantify measurements 
indicative of forage intake and nutrient concentration. Each trial 
lasted a total of 16 days that included an 8 day marker adaptation 
period followed by an 8 day sample collection period. In year 1, 
the trials were initiated on May 22 and August 5. In year 2, the 
trials were initiated on June 27 and September 16. During each 
trial, a slow-release chromic oxide bolus (Captec) was placed in 
the rumen of each cannulated steer. Chromium payout (mg 
Cr/day) was assumed to be equal to the manufacturer’s specifica- 
tions for each set of boluses used in the trials. We acknowledge 
that chromium payout (mg Cr/day) may not be equivalent to 
manufacturer’s specifications. However, at the end of each trial, 
the boluses were retrieved from the rumen and plunger travel was 
measured to insure that payout (total marker medium) was con- 
sistent across steers and treatments. In all trials, plunger travel 
was similar across steers within a trial. Because we were interest- 
ed in the relative differences among treatments, the bolus was 
considered adequate without validating actual daily marker pay- 
out (mg Crlday). 

Across the 8 day collection periods, treatment replicates were 
sampled on alternate days at 0700 and 1900 hour. At each sam- 

pling time, a grab sample of feces was collected along with 500 
ml of digesta from the duodenum. Over the 8 day period, 8 sam- 
ples of feces and digesta were obtained from each steer (4 mom- 
ing and 4 evening samples). The samples were refrigerated until 
the end of each trial and were then composited across days within 
steer. The fecal samples were dried in a forced air oven and 
digesta samples were lyophilized. All samples were ground 
through a 2mm screen and analyzed for dry matter, ash, Kjeldahl 
nitrogen (N, AOAC 1984), and chromium (Williams et al. 1962). 
In addition, the digesta samples were analyzed for purines (Zinn 
and Owens 1986). 

Fecal output and digesta flow at the duodenum were estimated 
from chromium dilution in the feces and digesta. Microbial pro- 
tein concentration in the duodenal digesta was estimated using 
purines as a marker (Zinn and Owens 1986) and daily microbial 
protein flow at the duodenum was calculated using the digesta 
flow estimates. Microbial protein production in the rumen is a 
function of the digestible organic matter intake (NRC 1985; 
AFRC 1993). Hence, digestible organic matter intake (DOMI) 
can be estimated from microbial protein production in the rumen. 
We estimated DOMI using the function: Microbial crude protein 
(g day-‘) = 110.5676 * (DOMI kg day-‘) (3 = 0.82; sy.x = 50.5), 
which was developed based on research conducted with steers 
grazing tallgrass prairie at this location (Campbell 1989; 
McCollum 1991) and is similar to the function used by the NRC 
(1985) and AFRC (1993). Total forage intake (kg organic matter 
day-‘) was estimated as the sum of fecal organic matter output 
(indigestible intake) and DOMI. Forage digestibility (%) was cal- 
culated as DOMU(DOM1 + fecal output). Finally, diet crude pro- 
tein was estimated based on the relationship: Diet crude protein 
(% of organic matter) = 6.25 * ((0.79 * Fecal N) - 0.17) (rZ = 
0.74; sy.x = 0.19; McCollum 1990) developed with steers grazing 
tallgrass prairie at this location. Fecal N was expressed as a % of 
organic matter. 

The experiment was analyzed using analysis of variance proce- 
dures (Lentner and Bishop 1986). Individual grazing units were 
treated as experimental units (16 df uncorrected). The model 
main effects were trial period within year, grazing system, and 
year, and the 2- and 3-way interactions of these terms. Trial peri- 
od within year, grazing system, and the 2-way interaction of these 
effects were tested with an error term consisting of the interac- 
tions of replicate with these main effects. Year and all interac- 
tions of year with trial period and grazing system were tested 
with the residual error term. 

Results and Discussion 

Residual forage measured at mid-season and end-of-season in 
the pasture replicates is presented in Table 1. As described by 
Cassels et al. (1995), more forage was present on the short-dura- 
tion grazing units at the end of the grazing season. For the specif- 
ic grazing units in this experiment, end-of-season residual forage 
was 27 to 77% higher under short-duration grazing depending on 
replicate and year. 

No interactions (P > 0.15) were observed between year and 
grazing system or grazing system and trial period. No 3-way 
interactions were significant (P > 0.15). In some instances, the 
interaction of year and trial period was significant and could be 
attributed to the differences between years and differences in the 
scheduling of trial periods between years. 
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Year Effects. Fecal N (P = O.OS), estimated diet crude protein (P 
= 0.05), and estimated diet digestible organic matter (P = 0.01) 
were higher in year 2. Organic matter flow (P = 0.002) and N 
flow (P = 0.01) at the duodenum were also higher in year 2. We 
would have expected the plane of nutrition to be somewhat lower 
in the second year because the respective trial periods in year 2 
occurred later in the growing season than in year 1. However, as 
indicated by differences in the mid-season and end-of-season for- 
age residues (Table I), forage continued to accumulate during the 
latter half of the growing season in year 2. Therefore the avail- 
ability of new growth was probably higher in year 2 which 
allowed the steers to maintain a higher plane of nutrition even 
though the trials occurred at more advanced periods of the grow- 
ing season. 

Table 1. Mid-season and end-of-season residual forage (kg ti’) for each 
grazing unit during each year of the study. 

Replication 

1 

2 

ckazing 
System 

Continuous 
Short duration 

Continuous 
Short duration 

Year 1 Year 2 
Mid- End-of- Mid- End-of- 

season season season season 

3,065 1,875 2,470 3,440 
3,935 3,325 4,135 4,980 

4,020 3,180 3,600 4,450 
4,470 4,240 3,400 5,645 

Trial Period Effects. All indices of plane of nutrition were lower (P 
c 0.05) in trial period 2. This difference was expected because of the 
changes in forage composition and associated changes in intake and 
digestibility that occur as the growing season progresses. 

Grazing Management Effects. Daily fecal output was 11.4% 
higher (P = 0.02) and flow of digesta into the duodenum was 
12.7% greater (P = 0.04) in steers on the continuous grazing treat- 
ment (Table 2). These 2 measurements indicate that steers on the 
continuous grazing treatment were consuming more forage than 
steers on the short-duration grazing treatment. 

Total N flow into the duodenum was 20.6% (P = 0.04) greater 
under continuous grazing (Table 2). The elevated flow of N into 
the small intestine can be attributed to higher daily N intake 
which is a function of more N in diet and (or) higher daily forage 
consumption. Feces from steers on the short-duration grazing 

Table 2. Digesta flow at the duodenum, daily fecal output and estimated 
daily intake of forage and digestible organic matter by steers grazing 
tallgrass prairie under 2 grazing management systems. 

Grazine System 
Continuous Short duration SEMa 

Duodenal flow(g day-‘) 
Organic matter 6,893 6,118 221 
Total nitrogen 263 218 13 
Microbial nitrogen 117 94 6 
Feed nitrogen 146 124 11 

Fecal output 5,656 140 
(g organic matter day“) 

5,078 

Organic matter intake 
(g day? 
Total 12,274 10,416 433 
Digestible 6,617 5,339 338 

%EM = Standard error of the mean, a = 8. 

P-value 

0.04 
0.04 
0.03 
0.18 
0.02 

0.02 
0.03 

treatment contained less N (P = 0.03; Table 3) than feces from the 
continuously grazed steers. Based on previous research 
(McCollum 1990) on tallgrass prairie, this reflects a difference in 
dietary crude protein of 13.6 g kg-’ organic matter (Table 3). 
These observations suggest that the steers on short-duration graz- 
ing were not only consuming less forage but the nitrogen concen- 
tration in the forage was lower than forage consumed by steers on 
the continuous grazing treatment. 

Microbial N flow into the duodenum was 24.5% greater in 
steers grazing the continuous grazing treatment (Table 2). 
Because microbial crude protein (microbial N * 6.25) synthesis in 
the rumen is an energy driven process (NRC 1985; AFRC 1993), 
the increased flow of microbial N into the small intestine indi- 
cates that steers on the continuous grazing treatment were con- 
suming more digestible energy than steers on short-duration graz- 
ing (Table 2). The estimated digestible organic matter content of 
the forage consumed by steers tended to be lower (P = 0.15) for 
the short-duration grazing treatment (Table 3). This observation 
suggests that reduced total forage intake (Table 2) had a greater 
impact on total DOMI than did poorer diet digestibility. 

Gillen et al. (1992) reported that steers grazing these short- 
duration grazing units gained 17% less weight than continuously 
grazed steers. Results were similar in a subsequent 3 year period 
(unpub. data R.L. Gillen and F.T McCollum). These reductions in 
performance were independent of stocking rate. The inferior per- 
formance of steers grazing short-duration grazing units can be 
explained by the lower daily forage and nutrient intake which 
limited the supplies of metabolizable energy and metabolizable 
protein available for weight gain. 

Tallgrass prairie accumulates forage at relatively rapid rates 
during late spring and early summer with peak standing crop 

Table 3. Fecal nitrogen and estimated dietary concentrations of crude 
protein and digestible organic matter for steers grazing tallgrass 
prairie under 2 grazing management systems. 

Grazine Svstem 
Continuous Short duration SEM’ P-value 

Fecal nitrogen 20.4 17.7 0.7 
(g kg“ organic matter) 

0.03 

Diet composition 
(g kg-’ organic matter) 
Digestible organic matter 5 16.0 491.6 10.9 0.15 
Crude protein 90.1 76.5 3.5 0.03 

%EM = Standard ermr of the mean. n = 8. 

occurring in July (Brummer et al. 1988). During this same period, 
the quality of available forage and grazed diets decreases severely 
(Wailer et al. 1972, Campbell 1989). Accompanying the changes 
in standing crop and quality is an increase in the heterogeneity of 
plant material available to grazing livestock. Steers under contin- 
uous grazing management have the opportunity to spot graze. As 
the grazing season progresses, the patched utilization becomes 
more distinct. Although this patch grazing may not be optimal for 
efficient forage and landscape utilization, it does afford grazing 
livestock the ability to continue to select forage of relatively 
higher quality. Research is demonstrating that cattle develop spa- 
tial memory patterns that may govern the locations, and plants 
within a location, that are grazed. Disruption of this behavior can 
reduce foraging efficiency and potentially reduce intake (Laca 
1993). Short-duration grazing on tallgrass prairie during the 
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growing season may be a disruptive process. An objective of 
many intensively managed rotation-type systems is to reduce 
patch grazing and more evenly distribute use across locations and 
plants within a paddock. Even though patches may be established 
during the grazing periods, the patches disappear during the sub- 
sequent rest period and thereby limit the availability of fresh 
regrowth in the subsequent grazing period. Also, cattle do not 
have the opportunity to establish spatial behavior patterns and 
thus must reinitiate the process of locating desirable plants each 
time they are moved into a fresh paddock. The combination of 
limited availability of regrowth as well as disruption of grazing 
patterns could contribute to lower forage and nutrient intake. 

Conclusions 

Short-duration grazing significantly reduced daily forage intake 
which resulted in reduced supplies of metabolizable protein and 
metabolizable energy to the steers on this treatment and would 
have limited cattle performance. These observations support the 
hypothesis that the greater quantities of residual forage noted in the 
short-duration grazing treatment pastures is at least partially the 
result of lower forage consumption by steers grazing these units. 

Total weight gain (per head) is the primary factor governing the 
profitability of stocker cattle production systems. These results 
indicate that short-duration grazing may not be the optimal man- 
agement strategy for steer production on tallgrass prairie. 
However, because of the numerous factors that must be consid- 
ered in developing a grazing plan for a unique ranching business, 
one cannot completely rule out the utility of short-duration graz- 
ing for stocker cattle production on tallgrass prairie. 

Literature Cited 

AFRC. 1993. Energy and Protein Requirements of Ruminants. CAB 
International, Wallingford, U.K. 

AOAC. 1984. Official Methods of Analysis (12th ed.) Assoc. Official 
Analyst. Chem. Washington, D.C. 

Brummer, J.E., R.L. Gillen, and F.T. McCollum. 1988. Herbage 
dynamics of tallgrass prairie under short duration grazing. J. Range 
Manage. 41:264-266. 

Campbell, R.R. 1989. The influence of advancing season on diet quality, 
intake, and rumen fermentation of cattle grazing tallgrass prairie. Ph.D. 
Diss., Oklahoma State Univ., Stillwater, Okla. 

Cassels, D.M., RL. Gillen, F.T. McColIum, III, K.W. Tate, and M.E. 
Hodges. 1995. Effects of grazing management on standing crop 
dynamics in tallgrass prairie. J. Range Manage. 48:81-84. 

Derner, Justin D., Robert L. Gillen, F. Ted MeCoIlum, and Kenneth 
W. Tate. 1994. Little bluestem tiller defoliation patterns under contin- 
uous and rotational grazing. J. Range Manage. 47:220-225. 

Forbes, T.D.A. 1987. Quantitating forage availability. pp. 143-159. In: 
F.N. Owens (ed.) Feed Intake By Beef Cattle. Oklahoma Agr. Exp. 
Sta. MP-121. Stillwater, Okla. 

Giien, RL., F.T. McColIum, and J-E. Brummer. 1990. Tiller defolia- 
tion patterns under short duration grazing in tallgrass prairie. J. Range 
Manage. 43:95-99. 

Gillen, R.L., F.T. McCoIIum, M.E. Hodges, and K.W. Tate. 1992. 
Livestock response to grazing systems and stocking rate on tallgrass 
prairie. Oklahoma Agr. Exp. Sta. MP-135, p. 420. Stillwater, Okla. 

Jensen, H., R.L. GiUen, and F.T. McCoUum. 1990. Effects of herbage 
allowance on defoliation patterns of tallgrass prairie. J. Range Manage. 
43:401406. 

Laca, Emilio A. 1993. Long-term spatial memory and grazing efficiency 
of cattle. Research Highlights, Range and Wildlife Management, Texas 
Tech. Univ. 24:20. Lubbock, Tex. 

Lentner, M. and T. Bishop. 1986. Experimental Design and Analysis. 
Valley Book Co., Blacksburg, Virg. 

McCollum, F.T. 1990. Relationships among fecal nitrogen, diet nitro- 
gen, and daily gain of steers grazing tallgrass prairie. Oklahoma Agr. 
Exp. Sta. MP-129, p. 232. Stillwater, Okla. 

McCollum, F.T. 1991. Diet composition, in situ disappearance, and duo- 
denal nutrient flows in cattle grazing tallgrass prairie. J. Anim. Sci. 69 
(Suppl. 1):274. 

McColIum, F.T., HI, R.L. Gillen, and J.E. Brummer. 1994. Cattle diet 
quality under short duration grazing on tallgrass prairie. J. Range 
Manage. 47:489-493. 

Myers, H.R. 1982. Climatological data of Stillwater, Oklahoma; 
1983-1980. Oklahoma Agr. Exp. Sta. Res. Rep. P-821. Stillwater, 
Okla. 

NRC. 1985. Ruminant Nitrogen Usage. National Research Council, U.S. 
Academy of Science, Washington, D.C. 

Waller, G-R, R.D. Morrison, and A.B. Nelson. 1972. Chemical com- 
position of native grasses in central Oklahoma from 1947-1962. 
Oklahoma Agr. Exp. Sta. Bull. B-697. Stillwater, Okla. 

Wiiams, C.H., DJ, David, and 0. Lismaa. 1962. The determination 
of chromic oxide in faeces samples by atomic absorption spectrometry. 
J. Agr. Sci. 59:381. 

Zinn, R.A. and F.N. Owens. 1986. A rapid procedure for purine mea- 
surement and its use for estimating net protein synthesis. Can. J. Anim. 
Sci. 66: 157. 

72 JOURNAL OF RANGE MANAGEMENT 51(l), January 1998 



J. Range Manage. 
51:73-78 January 1998 

Regrowth and rest requirements of northern wheatgrass 
following defoliation 

BRENDAN L. KOWALENKO AND J.T. ROM0 

Authors are former graduate student and professor, Dept. of Crop Sci. and Plant Ecology, Univ. of Saskatchewan, Saskatoon, SK S7N 5A8, Can&. JTR is 
corresponding author. 

Abstract 

Degree-days required for standing crop and above-ground net 
primary production of northern wheatgrass (Agropyron dasys- 
tachyum [Hook.] Scribn., syn. Elymus lanceolatus [Scrib. & 
Smith] Gould) mowed to a 5cm stubble to recover to levels simi- 
lar to an unmowed control were determined in southwestern 
Saskatchewan. Nine, single mowing treatments and an unmowed 
control were established from early May through late August in 
1991 and 1992 on a clayey range site at 2 locations. Green and 
dead phytomass and above-ground net primary production were 
determined for 2 to 3 years following mowing. Degree-days 
required for recovery of green and dead standing phytomass on 
mowed plots decreased linearly and were highly correlated (3 = 
0.64 to 0.99) with the number of days plots were mowed after 1 
May. Regardless of mowing date, green phytomass did not recov- 
er to control levels the year of mowing. Each day mowing was 
delayed past 1 May reduced the number of degree-days required 
for total recovery of green phytomass on mowed plots by 15.7 in 
1991 and 17.7 in 1992. Degree-days required for recovery of 
standing dead on mowed plots were reduced 17.6 in 1991 and 
15.8 in 1992. Degreedays required for recovery of above-ground 
net primary production declined linearly (8 = 0.67 and 0.99) as 
mowing was delayed after 1 May. More degree-days were 
required for the 1991 than 1992 plots. At least 2 and sometimes 3 
growing seasons were required to accumulate enough degree- 
days to allow full recovery of green and standing dead phytomass 
and above-ground net primary production on mowed plots. For 
optimum sustained production, a grazing system should be used 
on northern wheatgrassdominated rangeland with a 2 year rest 
period applied to paddocks after grazing. 

Key words: above-ground net primary production, Agropyron 
dasystachyum (Hook.) Scribn., degree-days, Elymus lanceolatus 
(Scrib. & Smith) Gould, grazing management, growing degree- 
days, Northern Mixed Prairie, regrowth 

Preventing over-grazing is central to all grazing management 
plans. Overly frequent or improperly timed grazing reduces vigor 
and abundance of grasses (Holscher 1945, Zhang and Romo 
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1994). Over-grazing occurs when plants are regrazed before they 
have recovered from the previous defoliations. Thus, preventing 
over-grazing requires that plants receive rest after grazing (Voisin 
1959). 

Length of rest required for plants to recover from grazing 
varies from days to years (Voisin 1959, Mueggler 1975, Trlica et 
al. 1977). Plants generally respond to rest more quickly in mesic 
than in xeric areas, and on high versus poorer condition ranges 
(Anderson and Holte 1981). 

Mixed prairie species, defoliated more than once per growing 
season typically decline in vigor and abundance (Holscher 1945, 
Whitman and Helgeson 1946, Buwai and Trlica 1977). Early 
August defoliation, plus a second defoliation applied in mid- 
September, for 3 consecutive years reduced yields and standing 
dead phytomass of a northern wheatgrass-(Agropyron dusys- 
tachyum [Hook.] Scribn., syn. Elymus lanceolatus [Scrib. & 
Smith] Gould) dominated community (Zhang and Romo 1994). 
Clipping once per year reduced density of western wheatgrass 
(Agropyron smithii Rybd., syn. Pascopyrum smithii [Rydb.] 
L&e), and density and yield of needle-and-thread (Stipa comata 
Trin. & Rupr.) (Whitman and Helgeson 1946). Thus, with only 1 
or 2 defoliations per growing season, productivity of mixed 
prairie can be impaired. 

Northern wheatgrass, a perennial, cool season, rhizomatous 
species, common on loam to clay soils (Coupland 1950) decreas- 
es with over-grazing on Northern Mixed Prairie (Abouguendia 
1990). We hypothesized that this reduction may be related to 
slow regrowth and the need for a prolonged rest period to regain 
production potential following grazing. The objective of this 
research was to determine the length of rest required for green 
and dead phytomass and above-ground net primary production of 
northern wheatgrass to return to levels of an unmowed control 
following a single mowing event on several different dates during 
the growing season. 

Materials and Methods 

Site Description 
The study site was located on the University of Saskatchewan, 

Matador Research Station, about 70 km north of Swift Current, 
Saskatchewan (50”42’ N, 107”43’ W, elevation 685m). Soils are 
heavy clay belonging to the Rego Brown and Calcareous Brown 
subgroups in the Sceptre association of the Chemozemic Order 
(Aridic Borolls) (Coupland et al. 1974). Temperatures of the 
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region average 3.3”C and range from a monthly mean of -145°C Table 2. Degree-days (DD) accumulated at the Matador Research Station 

in January to 18.8”C in July (Environment Canada 1992). Annual in 1991,1992,1993, and 1994. Base temperature = O°C. 

precipitation averages 327 mm with about 60% of the total 
received from May through August. Month 

Vegetation of this site belongs to the Agropyron-Koeleria faci- 
Year Mar. Apr. May Jun. Jul. Aug. Sep. Oct. 

ation of the Northern Mixed Prairie with northern wheatgrass and 
__ _ _ _ _ _ --------------(DO)-------------------- 

western wheatgrass producing about 75% of the phytomass 
1991 22 233 578 1.069 1,662 2,312 2,709 2,762 
1992 91 246 600 1,084 

(Coupland et al. 1974), 80 to 85% of which is produced by north- 
1,596 2,116 2,456 2,622 

1993 52 238 622 1,072 1,572 2,092 2,411 2,565 
ern wheatgrass (Coupland 1950). Other common graminoids 
include Junegrass (Koeleria cristata Pers.), green needlegrass 
(Stipa viridda Trin.), and low sedge (Carex eleocharis Bailey). 
Fringed sagebrush (Artemisia frigida Willd.) is a common suf- 
frutescent dicot while winterfat (Eurotiu lanata [Pursh] Moq.) is 
an abundant shrub. This range, protected from grazing for over 
25 years, is in excellent condition. 

Environmental Data 
Precipitation records were obtained from Beechy, 

Saskatchewan, 40 km northeast of the study site. Precipitation 
received from April through August was 199, 104, 13 1, and 87% 
of normal from 1991 through 1994, respectively (Table 1). A 
Campbell 21X datalogger recorded daily maximum and mini- 
mum air temperatures throughout the study at the research sta- 
tion. Using a base temperature of 0°C degree-days were calculat- 
ed (Eq. 1) (Frank and Hofmann 1989): 

Degree-days = z (daily maximum temp. + daily minimum temp.)/2 (1) 

Accumulation of degree-days began the first day after 1 March 
on which the average daily air temperature exceeded 0°C for 5 
consecutive days. Degree-day accumulation was stopped on the 
first of 5 consecutive days in October in which the average daily 
air temperature was less than 0°C. Accumulated degree-days 
from March through October were 2,762, 2,622, and 2,565 in 
1991, 1992, and 1993, respectively (Table 2). Temperatures were 
not recorded in September and October 1994, but the accumulat- 
ed degree-days from March through August were similar to the 3 
preceding years. 

Table 1. Precipitation received near the study site at Beechy, 
Saskatchewan during the study period. 

Year Oct.-Mar. Apr. 
Month 

May Jun. Jul. Aug. Sep. Total 

----_-------_----_-- (mm) _--__--___-________ 

1990-91 67 59 65 224 40 36 12 503 
1991-92 82 8 48 33 80 52 41 344 
1992-93 104 20 15 50 69 124 28 410 
1993-94 109 8 63 65 9 40 19 313 
Mean 

1961-90 85 16 40 63 60 34 30 327 

Experimental Design and Mowing Treatments 
In 1991 and 1992, 9 mowing treatments involving different 

dates of mowing and an unmowed control were replicated IO 
times in a randomized-complete-block design (Petersen 1985). 
Separate blocks were used for each year and treatments were ran- 
domized within replicates of each. Mowing treatments were 
imposed from early May to late August at about 2-week intervals. 

1994 23 210 597 1,067 1,667 2,276 ----I ---- 
Mean 47 232 599 1,073 1,624 2,199 2,525 2,6502 

‘Temperatures were not recnrdcd in September and October 1994. 
‘Means for September and October are based on degree-days for 1991 through 1993. 

Five by 10-m plots were mowed to a 5-cm stubble with a sickle 
mower and mowed material was raked and removed. Thus, stand- 
ing dead and green were removed, but litter was not. Plots were 
mowed only once. 

Phytomass Dynamics 
The amount of phytomass removed from northern wheatgrass 

by mowing was determined by clipping the residual stubble at 
ground level within a 0.25 m2 quadrat in each replicate immedi- 
ately after mowing, and subtracting this phytomass from the phy- 
tomass clipped from 0 25 m2 quadrats in the control. Phytomass 
for species other than northern wheatgrass in the sward ranged 
from 32 to 46% of the total (Kowalenko 1995). The amount of 
nitrogen (N) removed with green phytomass in northern wheat- 
grass was estimated using mean monthly N concentrations deter- 
mined for northern wheatgrass (Li 1990). (Eq. 2): 

N removed (g m’) = lpn phytomass removed (g m-‘)I X [g g’ N in foliage] (2) 

Regrowth of northern wheatgrass was estimated by clipping, to 
ground level one, 0.25 m2 quadrat per replicate at about 2-week 
intervals throughout the growing season for 2 to 3 years after 
mowing. In control pItits, standing dead and litter produced previ- 
ous years were removed from the quadrat before clipping. All 
samples were oven-dried for at least 48 hours at 8O”C, separated 
into green and dead material, and weighed. Dead phytomass pro- 
duced in the current year consisted of the attached, dead leaf 
blades, and sheaths that were yellow, brown, or gray (Coupland 
and Abouguendia 1974). 

Above-ground Net Primary Production 
Above-ground net primary production of northern wheatgrass, 

in 2 or 3 years following mowing in 1991 or 1992, was calculated 
using trough-peak analysis (Redmann 1991). Cumulative above- 
ground net primary production during May through August was 
estimated by adding all coinciding positive increments in live and 
dead phytomass of each mowing treatment. 

Etiolated Growth 
Etiolated growth of northern wheatgrass mowed in 1991 or 

1992 was determined by placing metal cans 15.6 cm in diameter 
and 25 cm tall in the center of each plot. The tin-coated cans were 
placed about 10 cm into the soil during March of the year follow- 
ing mowing. Growth under the cans was harvested at ground 
level on 20 May 1992 and 6 May 1993 for treatment years 1991 
and 1992, respectively. Samples were oven-dried at 80°C for 48 
hours and weighed. 
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Data Analysis 
All data of green and dead phytomass and above-ground net 

primary production were analyzed separately for each sampling 
date and year of treatment with analysis of variance in a random- 
ized-complete-block design (Petersen 1985). Green and dead 
phytomass and above-ground net primary production of northern 
wheatgrass were considered to have recovered from the mowing 
treatment when they were not significantly different (P > 0.05) 
from the unmowed control on at least 2 consecutive sampling 
dates. Where significant differences existed among treatments, 
means were compared to the control using Least Significant 
Difference (Petersen 1985). Degree-days accumulated since 
mowing were then determined for each treatment. Regression 
analysis (Snedecor and Cochran 1980) was used to determine the 
best fit (P I 0.05) regression equation to describe relationships 
between the number of days past 1 May that plants were mowed 
and the accumulated degree-days for phytomass and above- 
ground net primary production in each treatment to equal that of 
the control. The 1 May date was chosen as a reference because it 
represents the start of grazing in this region. Statistical signifi- 
cance in all tests was P I 0.05. 

Results 

Phytomass and Nitrogen Removal 
Green phytomass removed by the mowing treatments (Table 3) 

ranged from 3% of the potential above-ground net primary pro- 
duction in 1991 to 35% in 1992. In 1991 green phytomass was 
greatest in mid- to late July and least in May and early June, 
whereas in 1992 it was greatest in mid-June to mid-July. Standing 
dead phytomass was greatest in July and August 199 1, and early 
May to mid-July 1992 (Table 3). 

B 
‘k 
$ 

6000 
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B 

4000’ May ’ Jun JUI Aw 

Date of mowing (Month) 

Fig. 1. Regression lines for relationships between the cumulative 
degree-days required for standing crops of green and dead phy- 
tomass to recover to control levels for northern wheatgrass mowed 
in 1991 or 1992. Regression equations are Y = 6,761 - 15.7X, r’ = 
0.91 (P < 0.001) for green and Y = 9,146 - 17.6X, 2 = 0.81 (P = 
0.002) for dead phytomass in 1991. Regression equations are Y = 
6,963 - 17.7X, $ = 0.64 (P = 0.021) for green and Y = 6,511- 15.8X, 
2 = 0.99 (P < 0.001) for dead phytomass in 1992, respectively. 
Degree-days were cnlculated using a base temperature of O°C, and 
X is the number of days past 1 May that plants were mowed. 

In 1991 the mass of nitrogen was greatest in mid-June and mid- 
to late July, and least in May and early June (Table 3). Maximum 
amounts of nitrogen were removed from mid-June to mid-July in 
1992 when plants were at the peak of their seasonal growth. 

Table 3. Quantity of phytomass removed and the estimated amount of 
nitrogen removed from green phytomass for northern wheatgrass 
mowed in 1991 and 1992. 

Phvtomass 
Date of 
Mowing Live Dead Nitrogen 

--------------.-(gm-2)---------------- 
gg$g 
6 May 6.3 - I 0.13 

21 May 10.9 - 0.23 
4 Jun. 12.6 18.0 0.20 
17 Jun. 37.8 26.2 0.60 
4 Jul. 38.5 35.4 0.46 
16 Jul. 57.9 53.4 0.69 
30 Jul. 61.3 45.1 0.74 
12 Aug. 39.7 43.5 0.44 
27 Aug. 40.3 47.9 0.44 

Em 
10 May 11.6 78.7 0.24 
19 May 11.1 95.3 0.23 
2 Jun. 17.3 109.2 0.28 
19 Jun. 30.9 77.8 0.49 
29 Jnn. 32.2 98.4 0.52 
17 Jul. 31.6 108.8 0.38 
27 Jul. 25.0 32.5 0.30 
11 Aug. 16.7 13.5 0.18 

25 Aug. 10.0 8.5 0.11 
‘Amount of dead phytomass removed was not detemined in May 1991. 

Phytomass Recovery 
Rate of recovery of green and dead phytomass for northern 

wheatgrass was affected by date of mowing and year of treat- 
ment. Degree-days needed for replacing green and dead phy- 
tomass declined linearly, and were highly correlated with the 
number of days past 1 May that plots were mowed (Fig. 1). 
Regardless of time of mowing, green phytomass of northern 
wheatgrass never equaled the control again in the year of treat- 
ment. High coefficients of determination in both years suggests 
that within years of treatment, date of mowing affected regrowth 
of northern wheatgrass more than environmental factors. 

For each day tbat mowing was delayed after 1 May, recovery 
of green phytomass in mowed plots to control levels required 
15.7 fewer degree-days in 1991 and 17.7 in 1992 (Fig. 1). Green 
phytomass increased each year in mowed plots and equaled con- 
trol levels by August of the second full growing season. Recovery 
of standing dead phytomass required 17.6 fewer degree-days in 
1991 and 15.8 in 1992 for each day mowing was delayed after I 
May (Fig. 1). Dead phytomass increased in mowed plots to con- 
trol levels by July of the second full growing season in 1991 and 
the third in 1992. 

Above-ground Net Primary Production 
Above-ground net primary production recovered more quickly 

in both years as date of mowing was delayed, with more degree- 
days needed in 1991 than 1992 (Fig. 2). The higher intercept and 
the less steep slope of the regression equation in the 1991 plots 
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Fig. 2 Regression lines for relationships between the degree-days 
needed for above-ground net primary production (ANPP) to 
recover to control levels for northern wheatgrass mowed in 1991 
or 1992. Regression equations are Y = 8,515 - 10.1X, 2 = 0.99 (P = 
0.001) in 1991 and Y = 5, 801 - 15.1X, 2 = 0.63 (P = 0.007) in 
1992. Degree-days were calculated using a base temperature of 
O°C, and X is the number of days past 1 May that plants were 
mowed. 

than those treated in 1992 indicates that effects of mowing were 
more severe in a wet year than in one with near normal precipita- 
tion (Table 1). 

Degree-days needed for above-ground net primary production 
of mowed plots to equal the control level were accumulated by 
June of the second and third growing seasons for the 1991 and 
1992 treatment years, respectively. In the 1991 plots, above- 
ground net primary production in control was 1.4 to 2.6 times 
greater than in mowed plots in 1992, 1.4 to 1.7 times greater in 
1993, and was similar among treatments in 1994 (Table 4). 

In the 1992 plots, above-ground net primary production in the 
control was 1.3 to 1.6 times greater than in mowed plots (Table 
4). Production by northern wheatgrass was similar among treat- 
ments in 1994, the second full growing season after mowing. 

Etiolated Growth 
Etiolated growth in spring 1992 was reduced (P I 0.05) by 

mowing in early or late July 1991 compared to the control (Table 
5). A trend of less etiolated growth was evident in plants defoliat- 
ed in mid-July and late August. Etiolated growth was not affected 
by mowing in 1992 (P > 0.05), averaging 16.1 g mm2 (SE = 2.5). 

Discussion 

Northern wheatgrass was extremely responsive to date of mow- 
ing during the growing season. Regardless of the time of herbage 
removal, more than 2 growing seasons were needed for recovery 
of above-ground net primary production and standing crops of 

Table 4. Above-ground net primary production of northern wheatgrass 
mowed in 1991 or 1992 and determined the following 2 or 3 years. 

Year of determination 
Date of 
mowing 1992 1993 1994 

El!%! 
Control 
6 May 
21 May 
4 Jun. 
17 Jun. 

4 Jul. 
16 Jul. 
30 Jul. 
12 Aug. 
27 Aug. 
SE 

176 156 
129 144’ 
103 114 
124 a!2 

98 97 
89 97 
75 97 
67 97 
79 111 
70 93 
16 19 

JB2 
Control __. 

168 

156 198 
10 May --- 119 m 
19 May ___ 119 m 
2 Jun. ___ 124 121 
19 Jun. ___ loo 142 
29 Jun. ___ 106 124 
17 Jnl ___ 108 Jg 
27 Jul. ___ 105 I.&l 
11 Aug. --- 106 
25 Aug. _._ 95 g 
SE -__ 12 27 

‘Underlined values within a year of determination and year of mowing are not signify- 
cantly (p > 0.05) different from control. 

Zhang and Romo (1994) recommended deferring grazing to 
allow maximum forage yield. 

Interrupting growth of northern wheatgrass by defoliation any 
time during the growing season disrupts the production potential 
that year and the following ones. Reduced production does not 
appear closely related to the amount of leaf area removed because 
there are about 2.5 green leaves on each culmless tiller of north- 
ern wheatgrass throughout the growing season (Coupland and 
Abouguendia 1974, Li 1990). The physiological importance of 
these leaves, however, varies considerably over the growing sea- 
son. Net photosynthesis of northern wheatgrass peaks in early 
June, and steadily declines the remainder of the growing season 
(Redmann 1978a). When defoliated, northern wheatgrass loses 
virtually all of its photosynthetic capacity. This forgone photo- 
synthetic potential probably creates a carbon deficit in plants 
(Caldwell 1984), reducing leaf production, axillary bud develop- 
ment, and root growth (Li and Redmann 1992a, Zhang and Romo 
1994). When the carbon budget over the growing season is con- 
sidered, delaying defoliation presumably reduces the carbon 
deficit compared to herbage removal on earlier dates, enabling 
quicker recovery of phytomass. Therefore, within a growing sea- 

Table 5. Etiolated growth in the spring of 1992 for northern wheatgrass 
plants mowed in 1991. 

Date of mowine in 1991 
Mav Jnn Jul. Ana. 

Control 6 21 17 4 4 16 30 12 27 
green and dead phytomass; shorter recovery periods were 
required as mowing was delayed from early May to late August. 5.4a 7.la 8.0a 

Campbell (1952) also reported that grazing of Northern Mixed lSE = 1.6 
Prairie early in the growing season reduced production, and 

2Values followed by “a” were not significantly different (P > 0.05) from the control. 
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son it is important to allow ample opportunity for photosynthesis 
before grazing and to maintain residual leaf area for recovery 
after herbage removal. This proposal is consistent with the sug- 
gestion that use of rangeland dominated by northern wheatgrass 
should be delayed at least until late July to allow maximum 
growth (Zhang and Romo 1995). 

The time required for above-ground phytomass to recover in 
northern wheatgrass after herbage removal was similar to, or less 
than that of bluebunch wheatgrass (Agropyron spicutum [Pursh] 
Scribn. & Smith, syn. Elytrigiu spicatu [Pursh] D.R. Dewey) and 
Idaho fescue (Festuca iduhoensis Elmer.) (Mueggler 1975), and 
blue grama (Bouteloua grucilis [HBK.] Lag.) (Trlica et al. 1977); 
but more than that of smooth brome (Bromus inermis Leyss.) 
(Harrison and Romo 1994) and crested wheatgrass (Agropyron 
cristutum [L.] Gaertn.) (Harrison 1993). As in the present study, 
Zhang (1992) predicted that 2 to 3 years of rest is needed for 
above-ground yield components to recover following grazing on 
Northern Mixed prairie. Slow recovery of northern wheatgrass 
from defoliation can be explained by several intrinsic and extrin- 
sic factors. 

Concomitant with a reduction of leaf area and attendant photo- 
synthesis, 25 to 45% of the nitrogen taken up annually by north- 
em wheatgrass (Li and Redmann 1992b) was removed by mow- 
ing. Northern wheatgrass translocates most of the nitrogen from 
aging shoots into growing tissues (Li and Redmann 1992b). 
Defoliation undoubtedly disrupts this balance and the nitrogen 
pool must be replenished, necessitating that plants make many 
physiological adjustments to regain full growth potential. Plants 
defoliated in 1991 had a larger peak in green phytomass than 
those defoliated in 1992, and consequently lost more nitrogen and 
needed a longer recovery. 

Busso et al. (1990) suggested that energy reserves may be 
reduced when moisture conditions are favorable because plants 
may divert more energy to luxuriant growth and less to storage, 
thereby affecting their vigor. This notion is supported by the fact 
that etiolated growth, an estimate of the ability of plants to mobi- 
lize stored energy reserves and produce new shoot tissue without 
photosynthesizing (Richards and Caldwell 1985), of northern 
wheatgrass was reduced by some of the 1991 treatments but not 
by those in 1992. Greater primary production in 1991 was associ- 
ated with a longer rest period required for recovery of phytomass 
following defoliation. Therefore, it does not appear advisable to 
increase stocking rates to take advantage of extra forage produc- 
tion in wet years. This extra foliage should be left as carry-over to 
enable the plants to replenish their energy reserves, maintain 
vigor, and allow for accumulation of dead material. 

Resting northern wheatgrass-dominated range until green and 
dead phytomass have recovered to levels equal to ungrazed con- 
ditions is also critical for reducing environmental extremes. 
presence of dead phytomass reduces evaporation, increases water 
infiltration, and improves water relations in Northern Mixed 
Prairie (Redmann 1978b, Willms et al. 1993). Dead phytomass 
also moderates the temperature regime within the plant microcli- 
mate (Whitman 1974, Romo, unpub. data). Taken together these 
factors promote photosynthesis, and maximum productivity of 
Northern Mixed prairie is achieved with maximum litter quantity 
(Willms et al. 1986, 1993). 

Management Implications 

Northern wheatgrass is one of the most sensitive species to 
over-grazing in Northern Mixed prairie. Although spring or early 
summer use of Northern Mixed Prairie is possible, maximum for- 
age yield and stand survival for northern wheatgrass can be 
obtained if grazing is deferred (Zhang and Romo 1994, 1995). 
Recovery of above-ground net primary production and standing 
crop will be quicker with deferment of grazing. Romo et al. 
(1995) also recommended that grazing systems with more than 1 
grazing period each year, or those with prolonged grazing periods 
should be avoided on native range in the Northern Mixed Prairie 
to prevent grazing of regrowth and weakening of plants. Based on 
the findings of this study we conclude that grazing systems on 
northern wheatgrass-dominated rangeland should include a 2- 
year rest period applied to paddocks after grazing. This rest will 
allow plants to recover above-ground net primary production and 
standing crop. 
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Abstract 

Grasslands of northern Tierra de1 Fuego sustain 1 sheep/ha 
and are very extensively managed, with flocks roaming freely in 
large paddocks (Z,OOO-4,000 ha). This system requires know- 
eledge of landscape-level constraints and influences upon pro- 
duction for decision making. On a typical sheep ranch we 
checked upland floristic gradients against 30-years records of 
animal production. Community types and landscape units were 
surveyed and mapped. Using gradient analysis techniques we 
obtained animal production differences at the landscape scale 
that were strongly related to a vegetation gradient associated 
with soil fertility. Extensive and strongly variable lithological 
mantles allowed expression of the fertility gradient at that scale. 
Landscapes with fertile soils and neutrophilous community types 
were best for sheep breeding. These landscapes produced a mean 
of 37% more lambs ha-’ yr-l than lands with soils of intermediate 
fertility and slighty acidophilons community types, and 116% 
more lambs ha-’ yi’ than lands with highly infertile soils and 
highly acidophilous vegetation. Contrarily, the soil moisture gra- 
dient, being mainly expressed at the topographic scale, was not 
related with sheep production records. A forage gradient which 
was identified behind the fertility gradient supported our find- 
ings. Pea spp., the main item in sheep diets, and other important 
forage species attained the highest covers in neutrophilous com- 
munity types. With the range in proportion of lowlands present 
in this ranch (12 to 30%), no relationship was found between the 
percentage of hygrophitic vegetation in the landscape and animal 
production. 

Key Words: floristic gradient; fertility gradient; grassland; par- 
ent material; sheep breeding performance; sheep production 

Large herbivores are strongly influenced by heterogeneity at 
the landscape scale (McNaughton 1985, Senft et al. 1987, 
McNaughton et al. 1988), probably because of their high mobility 
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Resumen 

Los pastizales de1 norte de Tierra del Fuego sustentan una 
carga de 1 ovine/ha y se hallan bajo un sistema de manejo muy 
extensivo, con cuadros alambrados de 2,000 a 4,000 ha. Este sis- 
tema requiere conocimientos de las restricciones e influencias 
sobre la producci6n a escala de paisaje para la toma de deci- 
siones. En un establecimiento tipico hemos comparado 10s gradi- 
entes de vegetaci6n climhtica (campos altos) con registros de 30 
adios de manejo y producci6n animal. Se relevaron y mapearon 
tipos de vegetaci6n y unidades de paisaje. Utilizando tbcnicas de 
analisis de gradientes se obtuvieron diferencias en la producci6n 
animal a escala de paisaje que estuvieron fuertemente rela- 
cionadas con un gradiente de vegetacidn asociado a la fertilidad 
de1 suelo. Mantos litol6gicos extensos y variables permiten la 
expresi6n de1 gradiente de fertilidad a dicha escala. Los paisajes 
con suelos f&tiles y comunidades neutldfilas fueon 10s mejores 
para la cria de ovinos. Estos paisajes produjeron en promedio un 
37 % m8s corderos ha-’ aiio-’ que 10s campos con suelos de fer- 
tilidad intermedia y comunidades vegetales levemente acidbfilas, 
y un 116 % m8s corderos ha-’ afio-’ que 10s campos con suelos 
muy infkrtiles y vegetaci6n altamente acid6fda. El gradiente de 
humedad de1 suelo, que esM expresado principalmente a erala 
topogtifica, no estuvo relacionado con la producci6n ovina regii- 
trada por cuadro alambrado. Los resultados fueron apoyados 
por un gradiente forrajero que se encontr6 asociado al gradiente 
de fertilidad. Pea spp., principal constituyente de la dieta ovina, 
y otras especies forrajeras importantes alcanzaron ht.9 mayores 
coberturas en las comunidades neutrbfilas. Dentro de1 rango de 
proporcicin de valles presente en este establecimiento (12 al 
30%), no se encontr6 ninguna relacidn entre el porcentaje de 
vegetaci6n higrofitica en el paisaje y la producci6n animal. 

(Pearson et al. 1995). Since manipulation of the environment at 
the landscape scale is difficult (Turner et al. 1989), knowledge of 
landscape influences on animal production is of basic importance 
for management of extensive grazing systems. In northern Tierra 
de1 Fuego (Argentina) the principal land-use is the extensive 
breeding of Corriedale sheep on 30,000 to 70,000 ha ranches 
where animals roam freely year round in paddocks sized 2,000 to 
4,000 ha. The main management constraint is the severe shortage 
of winter forage which results in part from limited access to the 
lowlands, flooded in that season (Anchorena and Collantes 1989). 

Upland vegetation can be described on a regional scale in terms 
of soil-fertility and moisture gradients. Soil fertility is strongly 



associated with geomorphology and determined by the chemical 
composition of the parent material (Collantes et al. 1989). The 
geomorphic control determines the influence of fertility at the 
landscape scale. Observation of contrasting sheep diets at this 
scale (Posse et al. 1996) encouraged a closer analysis of animal 
productivity along regional gradients. 

We used annual records of management and production of indi- 
vidual paddocks taken along a 30-year period in a representative 
ranch of the region. Our objective was to relate this production 
information to environment and vegetation. The following specif- 
ic questions guided our work: 1) How well are the regional vege- 
tation gradients and associated landscape types represented on the 
ranch?; 2) How do moisture and fertility gradients relate to forage 
value?; 3) Are those gradients associated with animal productivi- 
ty?; and 4) Have the proportion of hygrophitic vegetation in the 
landscape any relationship with productivity? 

Materials and Methods 

Study Area 
The study was carried out on the Maria Behety ranch (60,oO 

ha), located near Rio Grande city (53” 47’ S, 67” 42’ W), Tierra 
de1 Fuego province. It is at the center of the insular sector of the 
Magellanic steppe (Hueck and Seibert 1972) which is a more 
humid variant of the Patagonian steppe (Cabrera 1971). Altitude 
of the ranch is between 20 and 130 m a.s.1. with mean annual 
rainfall of 350 mm, and evenly distributed throughout the year. 
However, a high water deficit occurs in summer (Koremblit and 
Forte-Lay 1991) due to high potential evaporation rates caused 
mainly by strong winds (Walter and Box 1983). The island cli- 
mate, cloudy, cold and windy, with mean temperatures of 1opC in 
summer and PC in winter when snow is common (Fuerza Aerea 
Argentina 1986), is hostile for both man and animals. 

Geology and geomotphology of the area have been described 
by Codignotto and Malumian (1981) and Frederiksen (1988) as 
part of regional studies. Miocenic sediments form a landscape of 
plains, asymmetric hills (“cuestas”) and depressions (“playas”) in 
the northern sector of the ranch. Glacial and fluvioglacial 
deposits from the Pleistocene cover an extensive area with ter- 
raced systems and moraines. In several places the glacial till is 
only a thin cover on top of subsisting Tertiary morphology. 

The upland vegetation consists of 3 main physiognomic types: 
the Festuca gracillima (Hooker f.) tussock grassland, the 
Chiliotrichum diffusum ((Forster f.) 0. Kunze) scrub, and the 
Empetrum rubrum (Vahl ex Willd) heathland’. Lowlands are 
dominated by meadows and marshes which occupy up to 30% of 
the landscape area. 

Although stocking rate on the island is one of the highest for 
Argentinean Patagonia (about 1 sheep/ha), land use has remained 
very extensive since colonization (Belza 1975). The Maria 
Behety ranch has been subdivided into 27 main paddocks sized 
2,000 to 4,000 ha each for at least 40 years. Fencing decisions 
were guided to allow grazing of particular types of land with par- 
ticular kinds of animals. Empetrum heathlands, considered the 
poorest lands, have been grazed with low nutritive requirement 
animals such as wethers. Corridors or islands of meadows and 
marshes, the best summer lands, and their associated watering 

‘Species nomenclature follows Coma (1969-1984) unless otherwise stated. 

points were included in similar proportions (around 20 %) in all 
ewe paddocks. Tussock grasslands and Chiliotrichum scrubs, the 
most extensive vegetation types, dominate the ewe paddocks, and 
secondary production depends largely on them. 

After shearing and weaning, animals are allocated to different 
paddocks in February. In March and April final culling and sale 
is done. Mating begins in May, and 95% of births occurs in 
October. In the last week of November lambs are counted and 
marked. Mustering and counting of sheep take place in 
November (lamb marking), June (eye shearing), and January 
(shearing). Ewes usually remain in the same paddock for their 
entire reproductive life after first service. 

For each year and paddock, the following 30-year (1962-1992) 
records were obtained from the ranch administration: 1) number 
and type of animals (sheep and cattle) at the onset of the winter 
season (June); 2) number of ewes in November (date of lamb 
marking); and 3) percentage of lambs marked per ewe present at 
marking (marking percentage). 

Landscape and Vegetation Analysis 
Types of landscape, distinctive and repetitive patterns of geo- 

forms, were described and mapped on aerial photos (1:40,000). 
This was accomplished with photo interpretation of stereo pairs 
and visual interpretation of a LANDSAT MSS satellital image 
and with the support of published (Codignotto and Malumian 
198 1, Frederiksen 1988) and unpublished data. 

During the summer of 1992, 64 upland sites were sampled. 
Sites were selected and stratified by landscape analysis of aerial 
photos. At each site all phanerogamic species were recorded, and 
their cover was estimated with the Braun-Blanquet scale modi- 
fied by Westhoff and van der Maarel(l978). Aspect, slope, and 
site geoforrn were recorded. Nearby outcrops or cuttings were 
used to determine type of rock. Samples (64) and species (97, 
omitting single appearances) were simultaneously classified with 
the TWINSPAN divisive method (Hill 1979) and ordinated with 
Detrended Correspondence Analysis (DECORANA, Hill and 
Gauch 1980). For both analyses, alphanumeric values of species 
cover-abundance were transformed into numeric values from 1 to 
9 (van der Maarell979). 

Field information on geomorphology was used to check the 
landscape types mapped on the photos. Association between the 
types of landscape described and community types obtained by 
TWINSPAN was analyzed visually by superimposing both types 
of data for each sample on the floristic ordination diagram. 
Community types were mapped at scale 140,000 by photo inter- 
pretation; topographic maps 1: 100,000 (Instituto Geografico 
Militar 1942) were used as planimetric support. Mapping was 
based on landscape-vegetation associations and on photographic 
patterns of the community types that were checked during tra- 
verse and sampling. 

Analysis of Forage and Sheep Production 
To test for the relationship between forage value and the floris- 

tic ordination, relevant taxa of winter sheep diet (Posse et al. 
1996) were selected. Sample cover values of the grasses Festuca 
gracillima, Poa spp., Hordeum spp., Bromus spp., Agropyron 
fiegianum ((Speg.) F. Kurtz), and Deschampsia spp., and of the 
forb Cerustium arvense (L.) were correlated with the sample 
scores on the DECORANA ordination axes using the Spearman 
rank correlation test (Conover 1980). 
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For each paddock, the following productivity indices were cal- 
culated from the figures provided by the ranch administration: 

Winter stocking-rate: Number of animals per ha. The number 
of animals used were the June figures, recalculated as “ewe 
equivalents” (EE) (Buffoni and Paz 1982) in order to account for 
different animal categories. The area of lakes and non vegetated 
units was subtracted from the paddock area. 

Marking percentage: Percentage of lambs marked per ewe 
present in November. 

Winter mortality: Losses of ewes between June and 
November counts, expressed as percentage of the total number 
for June. 

To relate the sheep productivity indices with vegetation floris- 
tic gradients, paddocks had to be located on the DECORANA 
ordination space. For this purpose we applied the following pro- 
cedures: 1) centroids of each community type in the 2 first ordi- 
nation axes of DECORANA were calculated by averaging the 
axes scores of the samples belonging to each community type; 2) 
total area and that of each community type, lakes and other units 
were measured for each paddock with a digital planimeter on the 
vegetation map; then, 3) the proportional area of each upland 
community type relative to total upland vegetation was used as a 
weighting factor of centroids values in a summatory of communi- 
ty scores to obtain paddock scores on the 2 axes: 

6 
Sg = C pik Cjk 

k=l 

where Sij is the score of paddock i in Axis j; pik the proportion of 
community k in paddock i; and cjk, the centroid of community k 
inAxisj. 

The calculated sheep and land production indices were linearly 
regressed with the estimated scores of the paddocks in the 2 axes. 
For each index a single value by paddock was calculated by aver- 
aging the 30 years of data. All 27 paddocks were considered for 
stocking rate; but for marking percentage and ewe mortality, only 
the 17 paddocks used for breeding were considered. Some of 
these had c 30 years of records because they were not always 
used with breeding ewes. 

Types of landscape (Fig. 1) were placed on the axes in the same 
way as paddocks, according to their proportion of upland com- 
munities obtained from the vegetation map (see Table 1). This 
allowed estimates of mean sheep productivity to be calculated for 
each landscape type from the regression models. To estimate 
influence of hygrophitic vegetation on breeding, paddock produc- 
tivity indices were linearly regressed on the proportion of pad- 
dock area mapped as meadows and marshes. 

Results 

Maria Behety Landscape Types 
Eight landscape types were defined for the following 3 litho- 

logical groups: Tertiary, Quatemary and Mixed landscapes (Fig. 
1). Fence lines drawn on the map of Fig. 1 show that in most 
cases a paddock was occupied by 1 or 2 landscape types. 

Tertiary landscapes were never covered by Pleistocene glacia- 
tions. They occurred over tilted sediments of 3 types: shales, 
sandstones and marine conglomerates, in order of increasing 
degree of resistance to erosion, and formed a landscape of asym- 
metrical hills or cuestas. A thin sheet of silty loess frequently 
covered these sediments. Two types of landscape were defined: 
“Tertiary undulated plains” and “Tertiary hills”. 

Pleistocene mid 
textured geoforms 

Fig. 1. Landscape types and paddocks on Maria Behety ranch. 
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Table 1. Percent area occupied by each landscape type’ in the ranch Mixed landscapes, which covered a considerable area on the 
(63,032 ha) and proportion of community type? in each landscape ranch, had Tertiary morphology (asymmetrical hills) but with a 
tp Lines enclosed main communities in each landscape. thin glacial covering. They were classified in 2 groups according 

to relief: “Mixed low hills” and “Mixed high hills”. 
Landscape cotnlnunity types* 

Vegetation and Its Environment: Classification of Plant 
Communities 

20.4 1.6 0.0 
Successive divisions of the TWINSPAN are shown in Fig. 2 

14.7 0.0 0.0 together with the indicator species. Six groups of samples or 

23.3 0.0 0.0 
community types were obtained from the analysis. Presence 

D 11.12 7.7 16.8 0.0 0.0 and/or abundance of the group of species considered indicators of 

E 23.59 2.0 3.2 24.7 0.0 0.0 
acid conditions, i.e. dwarf-shrubs such as Empetrum rubrum, 

F 12.83 1.5 0.0 Bolax gummifera ((Lam.) Sprengel), Azorella lycopodioides 

G 10.74 2.3 3.3 (Gaudich.), Baccharis magellanica ((Lam.) Pers.), Pernettya 

H 5.34 0.0 5.7 1.8 
pumila ((L. f.) Hooker), and Berberis empetrifolia (Lam.), war- 

total’ 100 3.5 11.8 5.3 16.9 20.8 11.8 24.7 1.3 3.5 ranted grouping of these 6 types into the 2 following large eco- 

‘Laodscape types: A, Tertiary undulated plains; B. Tertiary hills: C, Mixed low hills; D, 
logical divisions: neutrophilous and acidophilous (Collantes et al. 

Mixed high hills; E, Pleistocene mid-textured geofoms; F, Pleistocene coarse-textured 1989). 
geofoms; G, Holocene valleys; H, Holocene lakes. 
Community types: 1. Pm shofl grassland; 2, Festuca-Pea grassland; 3, Chiliotrichum 

dense scrub; 4, Chiliotrichum-Festuca shmbby grassland; 5, Fesfuca-Empetrum grass- Neutrophilous Types 
land; 6, Empmm heatbland; 7. meadows; 8, halophytic mushes. 
3Percent am occupied by each comunity type in the whole ranch area. 

l- Poa short-grassland: An anthropogenic community of short 
grasses and sedges dominated by Poa rigidifolia complex 

Quatemary landscapes were either Pleistocenic or Holocenic. 
(Giussani et al. 1996) and Carex andina (Phil.). 

Pleistocenic landscapes were fluvioglacial plains, moraines, and 
2- Festuca-Poa grassland: Tussock grassland lacking acidity indi- 

marine terraces formed on a gravelly substrate deposited over 
caters dominated by a dense cover of Festuca gracillima with an 

Tertiary sediments. The textural differences of deposits were con- 
abundance of Poa rigidifolia complex and many forbs. 

sidered to define 2 groups: “Pleistocene mid-textured geoforms”, 
3- Chiliotrichum dense scrub: A three-layered scrub with a dense 

including moraines and meltwater plains on silty or clayey till, 
cover of Chiliotrichum dzmzun frequently forming a closed canopy 

and “Pleistocene coarse-textured geoforms”, which were meltwa- 
together with Berberis bwcifolia (Lam.) and eventually Ribes magel- 
h. 

ter plains or marine terraces of loose sediment of sand and gravel. 
zczun (Poiret.) It has some characteristic species such as Galizun 

Holocenic landscapes were alluvial or lacustrine deposits and 
aparzke (L,.) and Osmorhiza chilensis (Hooker & Am.). 

were denominated “Valleys” and “Lakes”, respectively. 

Feducu graci///mu 
Chllloirichum 
dense scrub 

ChllioMchum diffusum Chiliotrichum- 
kstuca shrubby 
grassland 

Colobanthus subulatus 
Perez/a p/lffera 
Armerla marttlma 

Festuca-Empetrvr 
grassland 

Empetrum rubrum 

Empetfum 
heathland 

n 

Fii. 2. Dendogram which represents the successive group divisions of the 64 samples with the TWINSPAN classification method. For each 
division, indicator species are shown. The l* division separates Empetram heathland from the other community types. Next division sepa- 
rates neutrophilous types from the reminder acidophilous types. After 2 more division levels, 3 neutrophilous community types, and 2 aci- 
dopbilous community types were fmally obtained. 
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DCA Axis I 

Fig. 3. Floristic ordination diagram (DCA) for first (I) and second 
(II) axes. Symbols represent landscape types. n Tertiary undulat- 
ed plains, l Tertiary hills, A Mixed low hills, V Mixed high hills, 
o Pleistocene mid-textured geoforms, 0 Pleistocene coarse-tex- 
tured geoforms. Lines enclose community types classified by 
TWINSPAN; l- Pea short grassland, 2- Festuca-Poa grassland, 3- 
Chiliotrichum dense shrub, 4- Chiliotrichum-Festuca shrubby 
grassland, 5 Festuca-Empetrum grassland, 6- Empetrum heath- 
land. 

Acidophilous Types 
4- Chiliotrichum-Festuca shrubby grassland: Tussock grassland 
with a sparse to fairly close layer of the shrub Chiliotrichum dif- 
fusum. Subdominant species are the dwarf-shrubs Etnpetrum 
rubrum and Baccharis magellanica. 
S- Festuca-Empetrum grassland: Tussock-grassland of Festuca 
gracillima with variable presence of Chiliotrichum &&sum and 
acidophilous dwarf shrubs and forbs such as Geum magellanicum 
(Comm. ex Pers.), Primula magellanica (Lhem.), Gentianella 
magellanica ((Gaudich.) Fabris ex D. M. Moore), and Perezia 
pilifera ((D. Don) Hooker & Am.). 
6- Empetrum heathland: A cushion heathland dominated by 
Empetrum rubrum together with characteristic cushion and dwarf 
shrubs. Grasses were scarce with most common species being 
Deschampsiaflexuosa ((L.) Trin.) and Trisetum spicatum ((L.) K. 
Richter). Vegetation cover was variable and wind and water ero- 
sion common. 

Vegetation and Its Environment: Ordination of Plant 
Communities 

Figure 3 shows the display of vegetation samples on the 2 first 
ordination axes. The eigenvalues, indicators of the amount of 
community variation explained, were 0.49 and 0.29 for Axes I 
and II respectively. The ordination placed neutrophilous commu- 
nity types in the negative side and acidophilous types at the posi- 
tive side of Axis I. The order occupied by each community type 
in this axis, and the species scores (not shown in the diagram), 
were similar to those found in the regional studies (Collantes et 
al. 1989, Collantes et al. unpublished), in which fertility parame- 
ters were measured. Thus, we concluded that Axis I represented a 
fertility gradient described by the presence and abundance of aci- 
dophilous dwarf-shrubs. 

3 

\ 

\ 
-II 

Fig. 4. Cover values of selected forage species along Axis I. Three 
areas were delimited I- Neutrophilous grasslands and shrublands; 
2- Acidophilous grasslands and shrublands; 3- Empetrum heath- 
land. The curves were smoothed by averaging the scores in groups 
of 5. 

Axis II separated grasslands from shrublands and represented a 
moisture gradient. At the top of the diagram, the Poa short grass- 
land was typical of xeric soils and N-facing slopes; while at the 
bottom, the Chiliotrichum d$Jusum dense scrub was common on 
S-facing slopes and wetlands borders and increased its presence 
towards the south with increasing precipitation (Collantes et al 
1989, Collantes et al. unpublished). 

The relationship between landscape types and plant communi- 
ties was graphically depicted in Fig. 3. In Tertiary landscapes, 
only neutrophilous types were found; whereas Pleistocene land 
forms had Empetrurn heathlands and acidophilous grasslands. 
Mixed landscapes had types of both ecological groups. In the 
eutrophic extreme, the Poa short grassland, being a topographic 
disturbed community, was not related to any landscape type. The 
figure also showed that grasslands and heathlands occurred most- 
ly in plains, whereas shrubby vegetation did so in hilly country. 

Vegetation Map 
Due to printing costs the original vegetation map scale 

1:40,000 (a 150 x 100 cm sheet) was not presented here. Instead, 
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Table 2. Spearman rank correlation coefficients between first and second 
axes of DCA and species cover. 

Axis I Axis II 

Agropyron fuegianum -0.19 NS -0.27* 
Bromus spp. -0.57* 0.20 NS 
Cerastium arvense -0.24* -0.20 NS 
Deschampsia spp. -0.05 NS -0.11 NS 
Festuca gracillima -0.41* -0.09 NS 
Hordeum spp. -0.45* -0.05 NS 
Pea spp. -0.71* -0.06 NS 

NS. not significant; *, P < 0.05 

the distribution of community types in the different landscape 
types of Fig. 1 are shown in Table 1. Besides the 6 upland com- 
munity types classified by TWINSPAN, the 2 main types of low- 
lands (meadows and halophytic marshes), separated by photo 
interpretation and shown in the vegetation map, are given in 
Table 1. The distribution of community types on landscapes of 
the ranch (Table 1) reflected, and in some cases reinforced, the 
vegetation/landscape relationships shown in Fig. 3. In most cases, 
1 or 2 community types dominated each landscape. 

Forage Gradients 
Five (Festuca gracillima, Poa spp., Hordeum spp., Bromus 

spp., and Cerastium arvense) out of the 7 forage taxa selected had 
a significant (P < 0.05) correlation with Axis I (Table 2). In each 
case, the correlation was negative indicating higher cover values 
towards the neutrophilous end point. In Fig. 4, percentage cover 
of the 7 taxa was plotted against Axis I. Poa spp., had the highest 
correlation with Axis I and also the highest cover values after the 
dominant tussock grass F. gracillima. Deschampsia spp., which 
also had relatively high cover, was not correlated with Axis I, and 
had its highest abundance in the mid-acidophilous sector of the 
gradient (Fig. 4 E). 

Table 3. Estimated values and confidence intervals (95%) of annual 
mean production indices for the 6 landscape types’ and calculated 
lamb production*. 

Axis 1 marking mortality stocking lamb 
SCOW. rate production 

(9%) (%) (EUha) (lambs/ha)* 
A’ 0.812 83.04 + 7.18 6.04 f 2.27 1.11 +0.15 0.86 
B 0.933 79.90 + 5.78 6.95 f 1.83 1.06io.12 0.79 
C 1.228 72.27 + 3.96 9.16 f 1.25 0.95 i 0.08 0.62 
D 1.313 70.07 + 4.18 9.80 + 1.32 0.92 i 0.08 0.58 
E 1.468 66.05 f. 5.35 10.97 f 1.70 0.86 i 0.08 0.51 
F 2.143 48.58 + 14.06 16.03 i 4.46 0.61 + 0.19 0.25 

‘Landscape types: A, Teninry undulated plains; B, Tertiary hills; C, Mixed low hills; 
D, Mixed high hills; E, Pleistocene mid-textured geoforms; F, Pleistocene coarse-tex- 
tured geofomls. 
‘Number of lambs per ha = (stocking rate - stocking rate X mortality percentage/lOO) 
X marking percentage/lOO. 

Vegetation/Sheep Production Relationships 
In Fig. 5, the centroids of the community types were plotted 

against both ordination axes, and paddocks and landscape types 
were positioned according to their composition of community 
types. Most paddocks clustered around 1 or 2 landscape types 
which indicated that paddocks were good examples of the floris- 
tic composition of different landscape types. Paddocks on 
Tertiary landscapes A and B were dominated by the Festuca-Poa 
community type. Paddocks on mixed landscapes C and D were at 
the center of the fertility gradient, and mainly covered by the 
shrubby grassland and the Festuca-Empetrum grassland. 
Paddocks on Pleistocene landscapes E and F had extremely aci- 
dophilous composition and graded from lands dominated by the 
Festuca-Empetrum grassland to paddocks almost totally covered 
by the Empetrum heathland. 

DECREASING SOIL FERTILITY 
c 

t 
,,6 l Pcashortgrassland 

I i 

1.0 - Fesluca-Empefrum grassland 

Festuca-Pea grassland x* xx 
H _ 
l-4 SAX 

E 
w I 

.; 0.6 - 
xxx &D x x x ’ 

x*r 
;F . 

2 _ 
’ %B mc x x Empebum heathland 

4 x 
0 0.6 - 0 

Chiliotrichu~Fesluca shrubby grassland 

0.4 - 

Chiliotichum dense scrub 
0 

0.2 I I I 
0.5 1.0 1.5 20 2.5 

DCA Axis I 

Fig. 5. Location of the centroids of the community types ( l ) for the first and second axes of DCA. Paddocks (X) and types of landscape (#+) 
were located according to their proportion of community types as explained in text. A, Tertiary undulated plains; B, Tertiary hills; C, 
Mixed low hills; D, Mixed high hills; E, Pleistocene mid-tertnred geoforms; F, Pleistocene cneroe-textured geoforms. 

84 JOURNAL OF RANGE MANAGEMENT 51 (l), January 1998 



DECREASING SOIL FERTILITY 
90 ,.,.,.,.,.,.,,* 

VI 
.E 
-E 
mm- 

z 
. a = -25.89’ 

b = 104.08’ 
sl - 12 = 0.49 

1 . 1 . I . I . 
0.6 1.0 12 1.4 1.6 1.6 2.0 23 

xl,.,.,.,.,.,, I. I ., 

. 

z 12 

1 ;,jj 

06 - 
ii i . . 

0.4 - 
a = -0.37’ . 
b = 1.41’ 

o,2 _ P = 0.33 . 

\ 

.- 

\- 

-, 
I I. 1. I. I. 1. I. I .I 

0.6 1.0 12 1.4 1.6 1.6 20 22 

DCA Axis I 

Fig. 6. Linear regressions of paddock mean production indexes (mark- 
ing percentage+ mortality, and stocking rate) on ordination Axis I of 
DCA. a = slope; b = intercept, * P < 0.05; NS, not significant. 

The regression analyses between paddock scores and paddock 
productivity indices are shown in Fig. 6. Axis I had a significant 
correlation with all 3 indices with lamb marking percentage hav- 
ing the highest 3. The 3 regression analyses indicated that pad- 
docks with the lowest scores on Axis I were the best production 
lands. Correlations of the productivity indices with Axis II were 
not significant. 

Mean productivity indices for each landscape type were esti- 
mated from the linear functions according to their position on 
Axis I (see Fig. 5) and are presented in Table 3. Tertiary land- 
scapes, covered by neutrophilous communities, were the best 
sheep breeding lands, especially the Tertiary plains which had an 
estimated marking percentage significatively higher than any 
Pleistocene or Mixed landscape. The Mixed landscapes were in 
an intermediate position. Pleistocene landscapes, dominated by 
acidophilous types, were the worst sheep breeding lands. Of 
them, the coarse-textured geoforms, of extensive Empetrum 
heathlands, had the poorest productivity indices. In the last col- 
umn of Table 3 the average lamb production (number of lambs 
ha“ yr-‘), calculated from the 3 indices, emphasizes the differ- 
ences between landscapes. 

Results from the regression analysis of the production indices 
on the percentage of meadows and marshes in the paddocks 
showed that for stocking rate there was a significant, but low cor- 
relation (3 = 0.17). There was no significant relationship for 
marking percentage and mortality. 

Discussion 

This study, intended to detect landscape patterns of animal pro- 
ductivity for the Fuegian steppes, showed that the regional fertili- 
ty gradient of floristic variants of the steppe is, in several ways, a 
forage gradient related to animal performance. 

Answering our first question, results of classification and ordi- 
nation showed that in the Maria Behety ranch the main regional 
vegetation types were present and covered the fertility and mois- 
ture gradients detected for the whole area (Collantes et al. 1989, 
Collantes et al. unpublished). The vegetation response to fertility 
would relate to rock texture and mineral composition. Tertiary 
rocks are of finer texture and richer in bases than Quatemary 
deposits, which have large proportions of quartzose sand 
(Codignotto and Malumian 1981). The Mixed parent material 
usually presented a patchy pattern of habitats differing in fertility. 
Although acidophilous variants dominated (Fig. 3, Table 1) they 
were of a more intermediate nature, as the thin layer of acidic 
material would not preclude the influence of the deeper sediment 
on soil properties (Anchorena et al. 1991). 

In relation to the second question, most forage species pre- 
ferred by sheep had a positive association with the fertility gradi- 
ent (Fig. 4, Table 2) while only one was correlated with the mois- 
ture gradient (Table 2). The response of most grass species to the 
fertility gradient was in accord with the ecology of grasses and 
with composition of oceanic grasslands in relation to soil fertility 
(Grime et al. 1988, Perkins 1978, King and Nicholson 1964). 
Soils with base saturation lower than 50% and pH lower than 5.8, 
as in the Empetrum heathland (Collantes et al. 1989), have 
enough interchangeable aluminum to affect plant growth 
(Kamprath 1967). Most grasses and herbs prefer base-rich soils 
(Perkins 1978, Pearsall 1965) such as the soils of the Festuca- 
Poa grasslands and the Chiliutrichum dense scrub with 75-90% 
base saturation and pH values of 66.7 (Collantes et al. unpub- 
lished). The Festuca-Poa grassland has special significance for 
its high cover of grasses, mainly Poa, the principal item in sheep 
diet (Posse et al. 1996), together with its large area (Table 1). In 
boreal oceanic grasslands, Poa species attain dominance in base- 
rich soils (King and Nicholson 1964). Deschampsia spp is the 
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exception to the general behavior of grasses. Its principal species 
is D. jlexuosa, a known acidophilous grass in boreal grasslands 
(Crime et al. 1988, Douchaufour 1987). 

The 3 indices of animal productivity were associated with the 
fertility gradient (Fig. 6) but not with the moisture gradient. 
These results answered our third question: the best breeding per- 
formance was strongly associated with the neutrophilous end 
point of the fertility gradient, i.e. to paddocks situated in Tertiary 
landscapes. Biologically and economically the most important 
fact was the increase in lambing related to Tertiary lands. 
Stocking rate, survival, and prolifacy accounted together for a 
37% average increase in lamb production (number of lambs ha-’ 
yi’) in Tertiary landscapes compared to Mixed landscapes, and 
116% compared to Pleistocene landscapes (Table 3). 

Detection of a forage gradient across landscape types suggested 
nutritional causes for the sheep production differences. The most 
important feeding factors related to sheep reproductive perfor- 
mance are ewe nutritional status at mating (Coop 1962) and at 
late pregnancy (Wilkinson and Chestnutt 1988). The effect of 
good nutrition prior to mating has been expressed mainly in mul- 
tiple births, and especially in Corriedale ewes (Coop 1962). As an 
indication of this effect, the ftrst 5 paddocks of the neutrophilous 
endpoint (Fig. 6) encompassed the 9 cases in which markings 
were higher than 100% along the 30 year period. Nutritional sta- 
tus at mating should reflect summer grazing which occurs mostly 
on the lowlands (Anchorena and Collantes 1989). However, no 
correlation was found between percentage of meadows and 
marshes in paddocks and lamb marking. Because our perfor- 
mance data were integrated measures of sheep production cycles, 
it was difficult to ascertain the nature of this lack of correlation. It 
could be that the range in proportion of lowlands (12 to 30%) was 
large enough as not to be restrictive of liveweight at mating, or 
that their effect was masked by a later and stronger effect of 
upland vegetation. Also, the eventual effect of larger area of low- 
lands on liveweight at mating could be counterbalanced by the 
decrease of the actual grazing area due to lack of access to low- 
lands in winter. 

Differences in sheep production between landscapes were con- 
sistent with differences in cover of most forage taxa. However, in 
Mixed landscapes, the relatively low cover of Poa and other for- 
age grasses should be partially compensated by the increase of 
Deschampsia spp., which was the second item in sheep diet 
(Posse et al. 1996). The magnitude of the difference in lamb pro- 
duction favorable to Tertiary landscapes suggested that Poa 
species, their principal forage, have a strategic value for breeding 
due to the opportunity of nutritional offer in relation to ewe 
requirements: Iglesias et al. (1992) found, for the southern conti- 
nental area including the Magellanic steppe, that ewe liveweight 
in late pregnancy was more important than weight at mating with 
regard to lamb marking percentage. Relevance of ewe nutrition in 
late pregnancy has been stressed by Wilkinson and Chestnutt 
(1988), who related it to lamb birthweight; by Alexander (1956) 
and Maund et al. (1980), who related lamb birthweight to sur- 
vival; and by Russell (1982) and Maari (1987), who related it to 
lactation performance. In our area, feeding during late pregnancy 
(winter and early spring) seems to depend largely on Poa species 
which are the earliest perennial grasses in Patagonia (Nicora 
1978). Phenology of Poa species precedes that of Deschampsia 

flexuosa by about 1 month (Crime et al. 1988) and may possibly 
be the cause of the sharp increase of Poa in spring diets (Posse et 
al. 1996). 

Other causes of the notable decrease of production at the center 
of the fertility gradient may be adscribed to shrub encroachment. 
While paddocks in Tertiary landscapes were dominated by the 
Festuca-Poa grassland, a community without shrubs, paddocks 
on Mixed landscapes, at the center of the gradient, were dominat- 
ed by acidophilous communities with high to medium cover of 
Chiliotrichum (Table 1) which causes problems with access to 
forage. Shrub encroachment would also be responsible in part for 
the lack of effect of moisture increase, related to shrub increase, 
on production. 

Sheep productivity had a close relationship with parent rock 
material in a Boreal atlantic area such as Wales (Hughes 1978, 
Brasher and Perkins 1978). Although the Magellanic steppe has 
much lower rainfall, comparable results seem to indicate the rele- 
vance of parent material composition in oceanic cold-temperate 
climates, where soil acidification is the prevalent soil process, to 
determine economical output of landscapes. 

Conclusions 

Animal production-vegetation relationships found in this work 
reveal biological responses at a broad scale not always considered 
in land management. Extensive lithological mantles imposed par- 
ticular community patterns and the actual nutritional value of 
landscapes. Results of this study could be applied to establish 
market or tax values of land, as well as for management purposes. 
Lands usually assigned to breeding ewes can differ notably in 
their economical production. Tertiary landscapes, that generally 
cover smaller areas, should be reserved for special breeding oper- 
ations such as first service ewes or selection flocks. The propor- 
tion of lowlands should not be taken into account for assigning 
winter stocking rates. Lack of influence of lowlands percentage 
on production indicated that continuous grazing with rigid stock- 
ing rates impaired the effects of summer use of meadows and 
marshes and suggested that a seasonal grazing system would be 
preferable. In many breeding paddocks the apparent tendency of 
shrubs to decrease sheep performance by limiting access to for- 
age suggests the separation of grasslands from shrubby communi- 
ties to force the use of the latter. In general, grazing management 
and rest-rotation planning should be designed to favor the growth 
and to ensure the permanence of Poa species which appeared as 
the key forage for lambing in these lands. 
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Abstract 

Continuous stream temperature data were cofkcted from adja- 
cent reaches of a third-order stream in eastern Oregon. The 
upstream reach was located within a non-brigated meadow and 
the down&ream reach was located within an irrigated meadow. 
Sensors were placed in the stream above a headditch irrigation 
diversion, in the irrigation ditch, in the subsurface (interflow) 
groundwater, and in the stream reach within the hrigated mead- 
ow. Daily maximum stream temperature in the reach located 
within the hrigated meadow was found to be 1 to 3% cooler than 
the non-irrigated reach. Daily minimum stream temperatures 
exhibited the opposite relationship with the reach within the irri- 
gated meadow ranging from 0.5 to 1.7OC warmer than the non- 
irrigated meadow reach. 

Key Words: stream temperature, groundwater, subterranean 
return flow 

There is growing concern that agricultural irrigation practices 
which divert stream water have a negative impact on water quali- 
ty by decreasing stream flow and increasing water temperature. 
Although there are a number of interrelated factors that determine 
the thermal characteristics of streams the most important hydro- 
logic variables have been identified as the source of the water, the 
flow or discharge, and the relative contribution of groundwater 
(Ward 1985). Stream segments that receive a proportionately 
greater contribution of groundwater at low flow exhibit depressed 
daily maximum temperatures (Mosley 1983; McRae and Edwards 
1994). Subterranean irrigation, where water is diverted from the 
stream, carried by a ditch along the flood plain edge and allowed 
to return to the stream via subsurface interflow, may mimic the 
cooling effect noted with groundwater discharge. We implement- 
ed a case study to test the hypothesis that cooler, relatively tem- 
peratnre-stable subsurface water flows, originating from irriga- 
tion, moderate stream temperatures. 

Research was funded in part by U.S. Dept. of Agriculture, Sustainable 
Agriculture Research and Education Program grant SA 6009. 

Manuscript accepted 3 Feb. 1997. 

Resumen 

Datos continues de la temperatura de la corriente heron 
colectados en canales adyacentes h-rigados y sin irrigar en una 
corriente de tercer orden en el este de Oregon. Los sensores 
heron colocados en la corriente arriba de1 desviador de riego de1 
canal de acceso, en el canal de irrigaGn, en el agua de1 subsuelo 
(flujo interno), y en el canal dentro de la pradera hrigada. Se 
encontt-6 que hi temperatura ndxima diaria de la corriente en el 
canal localiiado dentro de la pradera irrigada fne de 1 a 3% 
mas fi-ia que en 10s canales sin irrigaci6n. 

Site Description 

The study site was located on a third-order stream in south cen- 
tral Grant County, Oregon. Grant County is situated in the 
Central Blue Mountains of east-central Oregon and lies between 
44” and 45” north latitude and 118” and 120” west longitude. The 
study stream drains a watershed of approximately 1,950 km2. 
Two adjacent stream segments, 1 located upstream of an irriga- 
tion diversion and 1 located within the irrigated meadow were 
chosen for the study. Both segments occur in a common meadow 
that ranges in elevation from 1,450 to 1,500 m. The meadow 
associated with the non-irrigated stream segment was approxi- 
mately 155 m in width and received some topographic shading. 
Meadow width at the top of the irrigated portion of the meadow 
was approximately 308 m, widening to 615 m, 500 m down- 
stream. There was no topographic shading within the irrigated 
meadow. Willow frequency along the non-irrigated reach exceed- 
ed the irrigated segment by 1.5 times. The irrigated and non-irri- 
gated stream segments had similar width to depth ratios (2.12 vs 
2.10), sinuosity and gradients (less than 2%). Stmambed material 
is hard cobble with a gravel overlay, lacking in permeability. The 
floodplain soil is classified at the series level as Damon silty clay 
loam. It is poorly drained, formed in mixed alluvium with a 
restrictive layer at 100 to 130 cm. Average summer air tempera- 
ture is 13.8”C with maximum temperatures occurring in July and 
August. Mean annual precipitation is 330 mm with the majority 
of it coming in the form of snow (Oregon Climate Service 1996). 
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Methods and Materials 

Five permanent discharge stations were 
established on the stream in May 1995. 
Three within the irrigated meadow, 1 
directly downstream from the irrigation 
diversion dam and one, 1,314 m upstream 
from the dam. In addition, 2 permanent 
irrigation discharge stations were located 
in the head ditch. At each station 
stream/ditch cross-section profiles and dis- 
charge measurements were completed 
every 2 weeks from June through 
September. Channel profiles were con- 
structed through measurement of stream 
width and channel depth with depth 
recorded every 30 cm. Discharge measure- 
ments were recorded every 2 weeks from 
June through September using a pygmy 
style flow meter. 

Wells for measuring depth to water table 
were placed along transect lines perpen- 
dicular to the flow of the stream. Three 
transects with 4 wells each were placed on 
the north side of the creek within the irri- 
gated meadow. The first well in each tran- 
sect was located immediately adjacent to 
the creek, the second a minimum of 15 
meters from the first, the third 2 to 5 
meters downslope of the head ditch and 
the last well 2 to 5 meters upslope of the 
ditch. Water table depth was measured 
every 10 days during the irrigation season 
and every 3 days from the end of the irri- 
gation season until baseflow level was 
reached. 

Thermistors, programmed to record 
temperature every 36 minutes, were 
placed within completely mixed sections 
of the creek and the irrigation ditch at each 
discharge station. Four wells located on 
the downslope side of the ditch were ran- 
domly chosen as groundwater (interflow) 
temperature sites. A thermistor pro- 
grammed to record temperature every 3 
hours was placed 70 cm below the ground 
surface next to each of the 4 wells. 
Additional thermistors recorded air tem- 
perature in shaded areas at both the non- 
irrigated site and at 2 sites within the irri- 
gated meadow. 

Stream temperature data were subdivid- 
ed into 2 groups as determined by the end 
of the spring runoff period. The tempera- 
ture data recorded during the spring runoff 
period was assigned to the “early” group 
and temperature data recorded after runoff 
ended was designated to the “late” group. 
The difference between daily maximum 
stream temperatures for the non-irrigated 

Table 1. Stream discharge io cubic meters per second. 

Date Site 1 Site. 2 Site 3 Site 4 Site 5 Site. 6 Site 7 
------------------(m’/sdc)------------------ 

15/JWl/95 1.68 .88 1.38 1.25 1.04 
29/Jun/95 1.0 .61 99 .80 .78 

6nulD5 .68 .53 .85 .65 50 
22Jldl95 .27 .26 46 .41 .35 

9/Aug/95 .39 .17 .30 .30 .26 
22/Augl95 .30 .12 24 .20 .18 

Site 1 = discharge station within non-irrigated meadow. 
Site 2 = discharge station 20 m downstream of diversion dam. 
Site 3 = discharge station within irrigated meadow. 
Site 4 = discharge station within irrigated meadow. 
Site 5 = disehzuge station within inigatad meadow. 
Site 6 = discharge station within irrigation ditch. 
Site 7 = discharge station within irrigation ditch. 

.07 .09 

.06 .08 
- - 
- - 
- - 
- - 

and irrigated stream segments were tested 
within groups using a paired t-test. The 
same procedure was repeated for the daily 
minimum stream temperatures. In addi- 
tion, the difference in daily maximum and 
daily minimum air temperature between 
the non-irrigated and irrigated segments 
were tested using a paired t-test. 

Results and Discussion 

The diversion of stream water for irriga- 
tion began in March, ended in late July 
and resumed in September. Mid-June flow 
measurements indicated a 0.8 m3/s (29 cfs) 

reduction in flow directly below the dam 
from 1.7 m3/s (60.0 cfs) to 0.9 m3/s (3 1.1 
cfs) (Table 1). However, 486 meters 
downstream of the dam flow was 1.4 m3/s 
(48.6 cfs) indicating a substantial return 
flow from irrigation. A large decrease in 
stream flow occurred between early and 
late July. Flow decreased on average 0.34 
m% (12 cfs) marking the end of the spring 
Nnoffjwiod. 

Following irrigation shut-off the water 
table in the creekside wells dropped an 
average of 24 cm from July 5 through July 
23.Water table drop in the wells closest to 
the ditch averaged 61 cm. The immediate 
change in depth to water table associated 

Fii. 1. Daily maximum and minimum intedow (groundwater) temperatures within the 
gated meadow. 
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Fig. 2. Daily maximum and miuimum water temperatures in stream reaches contaiued within adjacent non-irrigated and irrigated meadows. 
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with irrigation cessation demonstrated the 
impact of irrigation on inter-flow. 

Subsurface water temperature fluctuated 
less than 3°C from June through August 
and ranged from 10 to 13°C. The spread 
between daily high and low averaged 
close to 05°C (Fig. 1). The average high 
air temperature for the non-irrigated site 
was 225°C and the maximum daily high 
of 31°C occurred on July 28. The average 
high air temperature for the irrigated 
meadow sites was 22.7”C and the maxi- 
mum daily high of 32°C occurred on 1 
September. No significant difference in 
daily high air temperatures was found 
between the irrigated and non-irrigated 
meadow sites (t = .-0.87, df = 116, P = 
0.39). Ditch water daily high temperature 
ranged between 7.5 and 20°C with a high 
temperature average of 14.6”C. Stream 
water temperature at the non-irrigated and 
irrigated sites followed a similar pattern 
until mid-July when a divergence 
appeared (Fig. 2). This divergence appears 
to be related to the end of the spring runoff 
period. Daily maximum stream tempera- 

90 

tures were 1 to 3°C cooler in the irrigated Literature Cited 
reach than in the non-irrigated meadow 
reach from mid-July through September (t 
= -15.7, df = 59, P < 0.0001). Daily low 

McRae, G. and CJ. Fdwards. 1994. Thermal 
characteristics of Wisconsin headwater 

stream temperatures exhibited the opposite streams occupied by beaver: Implications for 
relationship with the irrigated reach rang- brook trout habitat. Trans. of the Amer. 
ing from 0.5 to 1.7”C warmer than the Fisheries Society 123641656. 
non-irrigated reach (t = 24.1, df = 59, P < Mosley, M.P. 1983. Variability of water tem- 

0.0001). No differences in daily maximum peratures in the braided Ashley and Rakaia 

stream temperatures were found in the 
Rivers. New Zealand. J. Marine Freshwater 
Res. 17:331-342. 

May through mid-July data (t = 1.73, df = Oregon Climate Service. 1996. Climatological 
56, P = 0.09). However, the daily mini- data for Seneca, Oregon. Oregon State 
mum stream temperature for the irrigated University, Corvallis, Ore. 
reach was significantly warmer than the Ward, J.V. 1985. Thermal characteristics of 

daily minimum temperature for the stream running waters. Hydrobiologia 125:31+X 

reach located within the non-irrigated 
meadow (t = 20.45, df = 59, P < 0.0001). 

Our results suggested that downstream 
temperatures were moderated by relatively 
temperature-constant, subsurface return 
flows generated by subterranean irrigation. 
However, further study of ground water 
within the non-irrigated reach is warrant- 
ed. Replication of the study across time 
and space is necessary to confirm this 
apparent conclusion. 
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Abstract 

Water budget modeling usually requires quantification of all 
possible processes of the hydrologic cycle. This includes rahdhll 
interception. The purpose of this study was to estimate the poten- 
tial amounts of water transferred back to the atmosphere from 
interception for some common plants found in the Chihnahuan 
desert. Fifty plants of many sizes representing 10 common 
species of the Chihuanhuan Desert were chosen for evaluation. 
Plants were submerged in a 2 X 2 m tauk filed with water. After 
submersion, the plants were weighed, and the difference in 
weight was recorded as the maximum water storage capacity of 
the plant’s canopy. Plants were also measured for maximum and 
minimum crown dieter (cm), height (cm), green weight (g) at 
time of submersion, and oven-dry weight (g). The forb, grass, 
and shrub species had diierent variables included in the predic- 
tion equations. Dry and green weight were the 2 variables which 
appear to have the strongest relationship with the amount of 
water intercepted for all species. Of the 7 grass species evaluated, 
dry and green weight were part of all equations, and height was 
included in only 2 equations. 

Key Words: hydrologic model, crown diameter, green weight, 
dry weight, plant height, evaporation 

Rainfall interception is the process of plant leaves and stems 
catching and retaining precipitation within the vegetation canopy. 
Intercepted precipitation can be returned to the atmosphere 
through evaporation or channeled to the ground by stem flow or 
folk drip (Teklehaimanot et al. 1991). This process may change 
the quantity, quality, and distribution of precipitation which 
reaches the soil surface. 

For most storms, interception results in less water falling 
through the canopy and reaching the ground. However, clouds or 
fog may envelop plant communities nearly everywhere, especial- 
ly in coastal regions (Harr 1983). mountains, and tropical areas 
(Zadroga 1981). Individual water droplets may be so small, they 
remain suspended in the air rather than falling to the ground. 
Clouds of water droplets move through the vegetation and 
deposits the droplets on all sides of projecting vegetation. Instead 
of precipitation being lost in the interception process, there is a 
precipitation gain, and net precipitation exceeds precipitation 
above the canopy. 

Manuscript accepted 15 Mar. 1997. 
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Resumen 

El modelaje de acumulaci6n de agua generalmente requiere de 
una cuantificacion de todos 10s procesos posibles de1 ciclo 
hidrol6gico. Esto incluye la intercepci6n de la Uuvia. El proposito 
de este estudio fuC estimar las cantidades potenciales de agua 
devueltas a la atmosfera pot- la interception de algunas phmtas 
que comunmente se encuentran en el desierto Chihuahuense. 
Cincuenta plants de diferentes tamaiios que representan 10 
especies comunes de1 desierto Chichahuense fueron escogidas 
para la evahmci6n. Las plantas titer-on sumergidas en uu tanque 
de 2 X 2 m lleno con agua. Dcsp& de ser sumergias, las plants 
fneron pesadas y la diferencia en peso fuC registrada coma la 
capacidad maxima de ahnacenaje de agua por la cobertura vege- 
tal de las plantas. De las plantas tambiCn se cuantificb el 
diametro mkimo y miniio de la copa (cm), la altura (cm), el 
peso de1 material Verde (g) al tiempo de ser sumergido, y el peso 
despub de ser secado en el horno (g). Las especies de hierbas, 
racates y arbustos tuvieron diferentes variables incluidas en las 
ecuaciones de prediction. Los pesos de1 material seco y Verde 
fueron las dos variables que parece ser tuvieron la relation m&s 
fuerte con la cantidad de agua interceptada por todas las 
especies. De las 7 especies de zacates evaualdas, el peso de1 mate- 
rial se-co y Verde form6 parte de toas las ecuaciones, y la altura 
fue inchrida solamente en 2 ecuaciones. 

Any analysis of water delivery to plant canopies requires data 
on the pertinent characteristics of foliage and branch structure. 
The impact conditions from precipitation should be measured as 
well as the build-up of rain and snow. These kinds of data are rare. 
For instance, Miller (1977) reviewed several year’s literature on 
interception of snowfall. Virtually the entire recorded literature 
only included 110 studies. Only 1 reported concurrent measure- 
ments of the canopy, input of snow, and amounts of snow that 
were intercepted. Miller concluded that the plant characteristics 
that determine the form of storage, strength, and stability of their 
physical support, their thermal surrounding, and conditions under 
which inputs and outputs of rain and snow take place are generally 
not known. Data on the rate of precipitation, storm temperature, 
wind speed, and mass of stored water related to interception are 
scant and sporadic. Interception knowledge is important in studies 
of the other parts of the hydrologic cycle. As an example, more 
than 100 studies have probably been conducted to determine infil- 
tration rates of rangelands by applying simulated rainfall, catching 
the resultant runoff, and ignoring the interception. 
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Most interception studies have been conducted on trees. 
Reliable interception data for shrubs, grasses, forbs, and other 
herbaceous plants are difficult to obtain. Their values are proba- 
bly less in most instances than trees (Brooks et al. 1992). 
Interception values may not be as low as the relative plant heights 
suggest, however. The leaf surface per area of canopy for many 
herbaceous plants often approaches that of shrubs and trees. 

A common way to express interception is on an average annual 
basis. Branson et al. (1981) refer to dozens of studies where a 
percentage of the average annual precipitation is reported as 
being intercepted. When only the percentage of annual precipita- 
tion resulting in interception is reported for a vegetation type or 
community, the report lacks necessary information. One useful 
approach is that of Tromble (1983a, 1983b). Individual creosote- 
bushes (Lurrea rridenruru (D.C.) Cav.) were measured for inter- 
cepted water throughout a rainfall event and correlated with 
crown cover, shrub height, shrub green weight, green-weight of 
stems, oven-dry weight of stems, green-weight of leaves, oven- 
dry weight of leaves, number of stems, leaf area, and shrub vol- 
ume. Predictive models for the species were determined that 
allowed calculation of interception for individual plants. An indi- 
vidual plant community can be sampled for individual plant char- 
acteristics and density to determine an interception value for that 
particular creosotebush community. 

It has often been observed that interception is as great at the 
beginning of a storm as the area under a plant., such as a tree with 
much foliage, remains dry. As time passes, the interception 
capacity or potential of the plant is reached and the area under the 
plant receives precipitation similar to the area between plants. 
This process can be expressed as a model (Fig. 1). At the begin- 
ning of the precipitation event, virtually all water is intercepted. 
A maximum is reached when the cumulative interception no 
longer increases because the amount of throughfall, foliar drip, 
and stemflow equal the amount of precipitation. Most evapora- 
tion takes place after the event has ceased. The amount of time 

between the beginning of the precipitation event and the time 
needed to reach the maximum amount of precipitation being 
intercepted varies with each plant and storm. It is species and size 
dependent. The amount of cumulative interception (the highest 
point on the curve) also varies with each plant. 

The purpose of this study was to determine the potential 
amount of water intercepted and evaporated for some common 
Chihuahuan desert plants. 

Methods 

Ten common species of the Chihuahuan Desert, listed in Table 
1, were chosen for evaluation. Fifty plants of many sizes of each 
species were cut to ground level near Las Cruces, N.M. near the 
end of the monsoon and growing season (August). Immediately 
following collection, plants were taken to a laboratory for imme- 
diate evaluation. 

Aston (1979) stated maximum canopy saturation or canopy 
storage is the most important variable in the interception process. 
Leonard (1965) stated that storage capacity is a function of leaf 
area index and surface tension forces resuhing from leaf surface 
configurations. However, each of these are difficult to measure 
for an entire plant. Plant characteristics that are easier to measure 
and related to leaf area in&x and surface tension forces resulting 
from leaf surface configurations include plant green weight, dry 
weight, height, and crown diameter. Plants were immediately 
transported to a laboratory and cleaned of foreign debris, and the 
roots were pruned to avoid water interception by roots. Only 
plants of 1 species were clipped in each collection trip, and mea- 
surements were made before turgor loss occurred. 

Many studies have used simulated rainfall to determine inter- 
ception (Pitman 1989, Thurow et al. 1987, Tremble 1983a, 
Tromble 1983b). Unless these plants were clipped and then left in 
situ, their interception values are probably lower than values from 

60 \ \ \ \ 
40 \ \ . 

II 
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Time Duration of Storm (%I 

- Preoip- 
itation 

----- Interoeption 

Fii. 1. Precipitation and interception of a single storm event. 
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Table 1. Plant species chosen for interception. 

Fo& 
Russian thistle Salsola iberica (Semen & Pau) Czerepanov L. 
GrasseS: 
Black grama 
Sideoats grama 
Bush Muhly 
Red threeawn 
Mesa dropseed 
JAmam lovegrass 
Cane bluestem 
Shrubs: 
Broom snakeweed 
Fourwing saltbush 

Bouteloua eriopodu (Tom) Tom 
Boutelma curti~endula (Michx.) Torr. 
Muhlenbergia porteri Scribn. 
Aristida longiseta Steud. 
SjwrobohsjZexuasus (Tlmrb.) Rydb. 
Eragrostis lehmanniana Nees 
Bothriochloa barbinodis (Lag.) Herter 

ed dry weight, diameter, and height. The equation is: 
3 = 10.06 + 0.429 (dry wt. g) - 0.99 (diameter cm) 

+ 0.69 (height cm) 
where 9 is the maximum weight (g) of water that each plant can 
hold on its surface at any one time. The RZ value is 0.806 and the 
standard error is 14.44. 

The ratio of intercepted water to green weight and dry weight 
(Table 4) is low for Russian thistle compared to other species. 
This is attributed to growth form and plant surface characteristics 
since Russian thistle is much-branched, ascending or spreading, 
rounded in shape with linear blades (Stubbendieck et al. 1992). 

Gutierrezia sarothrae (Put&) Shimers 
Atriplex canescens (Pursb) Nutt. 

Black Grama 

natural rainfall at the same rates. Calder (1986) attributes inter- 
ception to the stochastic manner in which individual elements of 
the surface of the tree are struck and wetted by individual rain- 
drops. Herwitz (1985) explained that water not only comes to the 
plant from above but a plant’s interception storage appears 
asymptotic because of the gradual accumulation of rain splash on 
the sheltered undersides of leaves and branches. Because of this 
multi-directional accumulation of precipitation, each plant was 
weighed by attaching the top of each plant to a nylon line below a 
suspended analytical balance. Plants were then submerged in a 2 
X 2 m water tank. Immediately after submersion, plants were 
removed from the water tank until after any foliar dripping or 
stemflow occurred and re-weighed. The difference in weight was 
recorded as the maximum water holding or storage capacity of 
the plant’s canopy. This value is used to estimate the maximum 
amount of interception that could occur during rainfall. Plants 
were also measured for maximum and minimum crown diameters 
(cm), height (cm), green weight (g) at time of submersion, and 
oven-dry weight (g). Before obtaining oven-dry weight, the 
plants were put in an oven for a period of 5 days at 60°C. 

Linear regression analysis was used to determine which inde- 
pendent variables (crown diameter, height, green weight, and dry 
weight) were most highly correlated with potential interception. 
Stepwise regression analysis was used to weigh the importance of 
each independent variable so that a multiple-factor predictive 
equation could be constructed for use in hydrologic models. 

Results and Discussion 

Russian Thistle 
Individual Russian thistles ranged from large to small (Table 2) 

relative to green weights, dry weights, crown diameters, and 
heights. Stubbendieck et al. (1992) stated that this species grows 
to 80 cm tall. Therefore, the tallest samples for this study (68 cm) 
approached the maximum for this species. The mean values for 
these variables were closer to the minimum than to the maximum 
values, and the large coefficients of variation for green and dry 
weights indicate that most of the sample represented many sizes 
of Russian thistles. 

Dry and green weights were most correlated with potential 
interception (Table 3) while height and diameter had low coefft- 
cients of determination (R*). T-values were high which indicates 
a high probability that 1 or more of the coefficients is not zero. 
Variables selected for inclusion in the prediction equation includ- 

Individual black grama plants ranged from large to small 
(Table 2) relative to green weights, dry weights, and crown diam- 
eters. Stubbendieck et al. (1992) stated that this species grows to 
60 cm tall. Therefore, the tallest samples for this study (52 cm) 
approached the maximum for this species. Crown diameters and 
plant heights were not as different nor as variable as green and 
dry weights for this species. The mean values for these variables 
were closer to the minimum than to the maximum values, and the 
coefficients of variation indicate that the sample represented 
many plants whose sizes were. close to the mean. The best predic- 
tion equation for black grama with variables selected for inclu- 
sion is: 

9 = 1.55 + 0.646 (green wt. g) 
R* = 0.976 Std. Error = 1.35 

The ratio of intercepted water to green weight and dry weight 
(Table 4) is high for black grama compared to other species. This 
is attributed to growth form and plant surface characteristics since 
black grama is ascending to decumbent, spreading, wiry, slender, 
woolly pubescent on lower internodes with the base swollen and 
woolly (Stubbendieck et al. 1992). 

Sideoats Grama 
Individual sideoats grama plants ranged from large to small 

(Table 2) relative to green weights, dry weights, and crown diame 
ters. Stubbendieck et al. (1992) stated that this species grows to 
100 cm in wet regions and Gay et al. (1980) gave 75 cm as its max- 
imum height in the Chihuahuan desert. Therefore, the tallest sam 
ples for this study (68 cm) approached the maximum for this 
species in the area where it was collected. Crown diameters and 
plant heights were not as different nor as variable as green and dry 
weights for this species. The mean values for green and dry 
weights were closer to the minimum than the maximum values, 
and the coefficients of variation indicate that the sample represent- 
ed many plant sizes. The mean values for crown diameter and plant 
height were about as close to the maximum as to the minimum val- 
ues, and coefficients of variation were not as high for these vari- 
ables as for green and dry weights. The best prediction equation for 
sideoats grama with variables selected for inclusion is: 

9 =-6.782 - 0.139 (green wt. g) 
+ 0.546 (dry wt. g) + 0.357 (diameter cm) 
+ 0.174 (height cm) 

R* = 0.964 Std. Error = 2.897 
The ratio of intercepted water to green weight and dry weight 

(Table 4) is low for sideoats grama compared to other grass 
species. This is attributed to growth form and plant surface char- 
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Table 2. Maximum, minimum, and mean values, and coefficiints of varia- 
tlon of intercepted water, green weighh dry weight, crown diameter, 
and plant beigbt of each species. 

Maximum Miuimu~ Mean Coefficient 
Value value value Variation 

(96) 

Russian thistle 
Intercepted 

Water weight(g) 
Green weight (g) 
Dry weight Cd 
Crown Diameter (cm) 
Height (cm) 

Black grama 
Intercepted 

Water weight(g) 
Green weight(g) 
Dry weight (8) 
Crown Diameter (cm) 
Height (cm) 

Sideoats grama 
Intercepted 

Water weight(g) 
Green weight(g) 
Dry weight Cd 
Crown Diameter (cm) 
Height (cm) 

Bush Muhly 
InterCepted 

Water weight (g) 
Green weight(g) 
Dry weight 63 
Crown Diameter (cm) 
Height (cm) 

Red threeawn 
Intercepted 

Water weight (g) 
Green Weight (g) 
Dry weight k) 
Crown Diameter (cm) 
Height (cm) 

Mess dtopseed 
Intercepted 

Water weight(g) 
Green weight (g) 
Dry weight (9) 
Crown Diameter (cm) 
Height (cm) 

Lehmann lovegrass 
Intercepted 

Water weight (g) 
Green weight(g) 
Dry weight (g) 
Crown Diameter (cm) 
Height (cm) 

Cane blneatem 
Intercepted 

Water weight (9) 
Green weight (g) 
Dry weight (15) 
Crown Diameter (cm) 
Height (cm) 

Broom snakeweed 
Intercepted 

Water weight (9) 
Green weight (g) 
Dry weight (g) 
Crown Dieter (cm) 
Height (cm) 

189 <l 22 141 
1,328 1 268 112 

363 2 68 115 
85 5 44 45 
68 3 39 51 

acteristics since sideoats grama has culms that are round and 
smooth, sheaths that are round and glabrous, and blades that are 
flat and linear (Stubbendieck et al. 1992). 

Bush Muhly 

28 3 10 59 
41 3 14 68 
44 3 13 68 

9 3 6 17 
52 22 34 18 

58 2 19 54 
150 5 58 57 
113 3 39 59 

24 5 13 31 
68 18 46 24 

118 2 24 115 
197 3 41 111 
158 3 35 107 

59 4 19 58 
52 19 35 26 

Individual bush muhly plants ranged from large to small (Table 
2) relative to green weights, dry weights, and crown diameters. 
Gay et al. (1980) stated that this species grows to 90 cm tall The 
tallest samples for this study (52 cm) were considerably less than 
the maximum for this species. Plant heights were not as different 
nor as variable as green and dry weights and crown diameters for 
this species. The mean values for green and dry weights and 
crown diameters were closer to the minimum than the maximum 
values, and the coefftcients of variation indicate that the sample 
represented many plant sizes. The mean for plant height was 
about as close to the maximum as to the minimum values, and 
coefficient of variation was not as high for this variable as for 
green and dry weights and crown diameter. The best prediction 
equation for bush muhly with variables selected for inclusion is: 

9 = -0.98 + 0.729 (dry wt. g) 
R* = 0.966 Std. Error = 7.30 

48 2 14 75 
101 2 23 88 

86 2 21 85 
18 4 10 40 
40 13 27 33 

The ratio of intercepted water to green weight and dry weight 
(Table 4) is low to moderate for bush muhly compared to other 
grass species. This is attributed to growth form and plant surface 
characteristics since bush muhly has cuhns that are spreading to 
ascending from a woody, knotty base, and blades that are flat, 
thin, acuminate, and scabrous (Stubbendieck et al. 1992). 

Red Threeawn 
14 3 18 13 

111 5 35 13 
% 4 29 74 
44 6 14 50 
70 12 46 30 

84 2 24 66 
307 5 83 79 
277 4 74 81 

29 4 13 54 
70 16 39 36 

191 5 54 83 
476 17 99 87 
454 6 88 97 

25 4 11 36 
111 55 81 15 

337 1 38 147 
836 2 200 131 
372 2 70 117 

60 4 27 59 
68 8 30 60 

Individual red threeawn plants ranged from large to small 
(Table 2) relative to green weights, dry weights, and crown diam- 
eters. Gay et al. (1980) stated that this species grows to 50 cm 
tall. The tallest samples for this study (40 cm) were less than the 
maximm for this species. Plant heights were not as different nor 
as variable as green and dry weights and crown diameters for this 
species. The mean values for green and dry weights and crown 
diameters were closer to the minimum than to the maximum val- 
ues, and the coefficients of variation indicate that the sample rep- 
resented many plant sizes. The mean for plant height was about 
as close to the maximum as to the minimum values, and coeffi- 
cient of variation was not as high for this variable as for green 
and dry weights and crown diameter. The best predication equa- 
tion for ted threeawn with variables selected for inclusion is: 

9 = -1.054 + 0.938 (green wt. g) 
+ 1.652 (dry wt. g) 

Rz = 0.975 Std. Error = 2.470 
The ratio of intercepted water to green weight and dry weight 

(Table 4) is moderate for red threeawn compared to other grass 
species. This is attributed to growth form and plant surface char- 
acteristics since red threeawn’s growth habit is cespitose or close- 
ly tufted and its sheaths are glabrous to weekly scabrous, and its 
blades are scabrous and mostly basal (Stubbendieck et al. 1992). 
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Fonrwing saltbush 
llltercepted 

Water weight (8) 417 7 60 110 
Green weight (9) 2,170 20 209 152 
Dry weight 64 1,200 13 120 149 
Crown Diameter (cm) 100 16 39 44 
Height (cm) 100 20 49 35 



Table 3. Correlation analysis @I - SO) for each species with interception 
beii the dependent variable. 

Variables 
Green Weight Dry Weight He&fit Diameter 

Species R2 t-value R* t-value R’ t-value Rz t-value 

Russian 0.71 
thistle 

Black 0.95 
grama 

Sideoats 0.80 
grama 

Bush 0.91 
mW 

cane 0.88 
bluestem 

Lehmann 0.86 
lovegrass 

Mesa 0.88 
droP=d 

Red 0.94 
threeawu 

Broom 0.59 
snakeweed 

Founving 0.94 
saltbush 

10.72 0.77 

31.05 0.90 

13.74 0.88 

22.28 0.93 

18.69 0.88 

17.41 0.86 

18.41 0.90 

28.62 0.96 

8.32 0.78 

28.63 0.95 

12.57 

21.03 

18.81 

26.01 

19.13 

17.02 

20.72 

0.33 4.82 0.36 5.14 

0.23 0.03 0.67 9.97 

0.27 3.88 0.56 7.91 

0.38 1.62 0.78 12.86 

0.20 0.91 0.85 16.73 

0.46 19.43 0.58 8.16 

0.34 0.84 0.65 10.26 

34.95 0.44 3.18 0.76 14.97 

13.42 

29.86 

0.49 6.76 0.53 7.35 

0.52 7.15 0.78 12.15 

Mesa Dropseed 
Individual mesa dropseed plants ranged from large to small 

(Table 2) relative to green weights, dry weights, and crown diam- 
eters. Gay et al. (1980) stated that this species grows to 75 cm 
tall. Therefore, the tallest samples for this study (70 cm) 
approached the maximum for this species. Plant heights were not 
as different nor as variable as green and dry weights and crown 
diameters for this species. The mean values for green and dry 
weights and crown diameters were closer to the minimum than to 
the maximum values, and the coefficients of variation indicate 
that the sample represented many plant sizes. The mean for plant 
height was closer to the maximum than to the minimum value, 
and coefficient of variation was not as high for this variable as for 
green and dry weights and crown diameter. The best prediction 
equation for mesa dropseed with variables selected for inclusion is: 

9 = -1.96 + 0.499 (dry wt. g) 
+ 0.406 (diameter cm) 

R2 = 0.953 Std. Error = 4.091 
The ratio of intercepted water to green weight and dry weight 

(Table 4) is moderate for mesa dropseed compared to other grass 
species. This is attributed to growth form and plant surface char- 
acteristics since mesa dropseed’s growth habit is tufted with 
smooth leaf sheaths and a relatively high ratio of stems to leaves 
(Gay et al. 1980). 

L44mauu Lovegrass 
Individual Lehmann lovegrass plants ranged from large to 

small (Table 2) relative to green weights, dry weights, and crown 
diameters. Gould (1975) stated that this species grows to 75 cm 
tall. Therefore, the tallest samples for this study (70 cm) 
approached the maximum for this species. Plant heights were not 
as different nor as variable as green and dry weights and crown 
diameters for this species. The mean values for green and dry 
weights, crown diameters, and plant heights were closer to the 

minimum than to the maximum values, and the coefficients of 
variation indicate that the sample represented many plant sizes. 
The coefficient of variation was not as high for Lehmann love- 
grass height as for green and dry weights and crown diameter. 
The best prediction equation for Lehmann lovegrass with vari- 
ables selected for inclusion is: 

9 = -3.38 + 0.205 (dry wt. g) 
+ 0.319 (height cm) 

R2 = 0.950 Std. Error = 5.10 
The ratio of intercepted water to green weight and dry weight 

(Table 4) was low for Lehmann lovegrass compared to other 
grass species. This is attributed to growth form and plant surface 
characteristics since Lehmann lovegrass’ branches are stiffly 
ascending to spreading, and its inllorescence is an open panicle 
(Gould 1975). 

Cane Bluestem 
Individual cane bluestem plants ranged from large to small 

(Table 2) relative to green weights, dry weights, and crown diam- 
eters. Gay et al. (1980) stated that this species grows to 120 cm 
tall. Therefore, the tallest samples for this study (111 cm) 
approached the maximum for this species. Plant heights were not 
as different nor as variable as green and dry weights and crown 
diameters for this species. The mean values for green and dry 
weights, crown diameters, and plant heights were closer to the 
minimum than to the maximum values, and the coefficients of 
variation indicate that the sample represented many plant sizes. 
The coefficient of variation was not as high for cane bluestem 
height as for green and dry weights and crown diameter. The best 
prediction equation for cane bluestem with variables selected for 
inclusion is: 

9 = 41.025 - 5.441 (green wt. g) 
+ 5.832 (dry wt. g) + 3.583 (diameter cm) 

R2 = 0.969 Std. Error = 11.45 
The ratio of intercepted water to green weight and dry weight 

(Table 4) was moderate for cane bluestem compared to ether 

Table 4. Ratio of intercepted water (g, to green weight (g), dry weigbt 
(p), crown diameter (cm), and plant height (cm) for each specks. 

Intercepted Intercepted Intercepted Intercepted 
Wate~/greell wateddry water/crown water/plant 

weight weight diameter height 
Species 

(g/g) (g/cm) 
Russian 0.08 0.57 

thistle 
Black gmma 
Sideoats 

grama 
Bush muhly 
Red threeawn 
Mesa 

(kQP=d 
LehmaM 

lovegmss 

CiUE 
bluestem 

Brwm 
snakeweed 

Fourwing 
saltbush 

0.76 0.79 1.72 0.30 
0.33 0.49 1.46 0.41 

0.60 0.70 0.79 0.69 
0.62 0.67 1.44 0.53 
0.51 0.61 1.28 0.39 

0.29 0.33 1.85 0.62 

0.55 0.61 4.92 0.67 

0.19 0.54 1.39 1.25 

0.29 0.50 0.65 1.22 
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grass species. This is attributed to growth form and plant surface 
characteristics since cane bluestem’s culms are often in large 
clumps. The cuhn nodes are bearded, but the leaves are essential- 
ly glabrous and linear (Gould 1975). 

For grass species, 2 of the 4 independent variables (green and 
dry weight) were the most highly correlated with the amount of 
intercepted water (Table 3). Plant height had the lowest correla- 
tion while diameter was intermittent. For any 1 independent vari- 
able, the R’values were not much different between species. T- 
values were high for green weight, dry weight, and diameter 
which indicates a high probability that 1 or more of the coeffi- 
cients is not zero. 

Broom Snakewed 
Individual broom snakeweed plants ranged from large to small 

(Table 2) relative to green weights, dry weights, crown diameters, 
and heights. Gay et al. (1980) stated that this species grows to 60 
cm tall. Therefore, the tallest samples for this study (68 cm) 
exceeded the maximum for this species. The mean values for 
green and dry weights, crown diameters, and plant heights were 
closer to the minimum than to the maximum values, and the coefr 
ficients of variation indicate that the sample represented many 
plant sizes. The coefficient of variation was not as high for broom 
snakeweed crown cover and height as for green and dry weights. 
The best prediction equation for broom snakeweed with the vari- 
ables selected for inclusion is: 

y = -2.645 + 0.594 (dry wt. g) 
R2 = 0.883 Std. Error = 26.310 

The ratio of intercepted water to green weight and dry weight 
(Table 4) was low for broom snakeweed compared to other plant 
species, except Russian thistle. This is attributed to growth form 
since broom snakeweed has erect linear leaves growing from 
erect stems (Stubbendieck et al. 1992). 

Fourwing Saltbush 
Individual fourwing saltbush plants ranged from large to small 

(Table 2) relative to green weights, dry weights, crown diameters, 
and heights. Gay et al. (1980) stated that this species grows to 
180 cm tall. Therefore, the tallest samples for this study (100 cm) 
were considerably less than the maximum for this species. Crown 
diameters and plant heights were not as variable as green and dry 
weights for this species. The mean values for green and dry 
weights, crown diameters, and plant heights were closer to the 
minimum than to the maximum values, and the coefficients of 
variation indicate that the sample represented many plant sizes. 
The best prediction equation for fourwing sahbush with variables 
selected for inclusion is: 

9 = -13.93 + 0.158 (green wt. g) 
+ 1 AM0 (diameter cm) 

R2 = 0.986 Std. Error = 11.42 
The ratio of intercepted water to green weight and dry weight 

(Table 4) was low for fourwing saltbush compared to other plant 
species, but higher than broom snakeweed. This is attributed to 
growth form since fourwing saltbush has oblong to obovate or 
lanceolate leaves with stems that are sulcate or rough, and pubes- 
cent when young (Stubbendieck et al. 1992). 

All of the independent variables associated with broom snake- 
weed had R2 values less than 0.800 (Table 3). Height was more 
highly correlated for broom snakeweed than any other species in 

the study except fourwing saltbush. T-values were high for all 
independent variables for both species. 

Species in all 3 plant groups (forb, grass, and shrub) had differ- 
ent variables included in the prediction equations. However, dry 
and green weight were the 2 variables that appear to have the 
strongest relationship with the amount of water intercepted. Of 
the 10 species evaluated, dry or green weights were part of all 
equations, and height was included in only 4 equations. Tremble 
(1983a) found green weight followed by crown area and stem dry 
weight to be the most important variables affecting interception 
by tat-bush (Flourensiu cemua DC). In a study on creosotebush 
(Lurrea tridentutu (D.C.) Cov.), Tromble (1983b) found green 
weight of leaves and leaf area were the 2 most highly correlated 
variables followed by dry weight of leaves, total shrub green 
weight, dry weight of stems, number of stems, crown cover, 
green weight of stems, and volume. Shrub height was not corre- 
lated with the amount of intercepted water. The weight of water 
intercepted per weight of green or dry plant weight appears to be 
a function of plant growth form and surface characteristics rather 
than seral position. 

Maximum potential interception capacity can now be calculat- 
ed for a plant community that includes these common species if 
plant sires and density are known for each species. 
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Abstract 

During 198143, we identified nutrient requirements and fer- 
tilizer strategies for the development of legume-based pastures in 
dry tropical rangelands of Hainan Island, China. Nutrient 
requirements for pastures grown on sandy and red loam soils 
were established using soil tests and missing element experiments 
with 3 test legumes. An acute P deficiency (< 5 mg kg” Bray P) 
was detected by soil tests on sandy soils, but no deficiencies were 
found on loam soil. The exclusion of P from a total fertilizer 
treatment reduced relative yield to 20% of potential on sandy 
soil. A factorial P rates experiment replicated in space and time 
showed a strong curvilinear response for stylo (Sfylosanthes 
hama& L. Taub. cv. Verano) and siratro (Macroptilium atropur- 
pureum (DC.) Urban) based pastures on sandy soil. No response 
was observed on loam soil. Given limited superphosphate sup- 
plies available for range improvement in south China, results 
from these studies showed no benefit from applying P fertilizer to 
stylo pastures grown on soils with available P > 20 mg kg-‘. In 
contrast, application of P fertilizer proved both profitable and 
essential for development of legume-based pastures on P-deft- 
cient sandy soils. It ls recommended that a rate of about 40 kg of 
P ha.’ should be applied at establishment of stylo pastures on 
sandy soil. At this rate both legume yield and P content of tops 
should be maintained at levels needed to sustain a beef produc- 
tion enterprise and return about $1.5 per dollar invested in fertil- 
izer. 

Key Words: China, dry tropical, Stylosanthes, Macroptilium, 
superphosphate, P response 

Insufficient phosphorus and/or nitrogen are important con- 
straints to pasture production in dry tropical regions. Where soils 
are P-deficient, the introduction of adapted legumes such as sty- 
10s (Stylosanthes spp.) which improve forage quality and provide 
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nitrogen to the system offers most hope for sustained increase in 
animal production. The ability of stylos to grow on low P soils is 
associated with a low internal requirement for optimum growth 
and/or a high capacity to absorb P at low levels of supply. Stylos 
are now used to improve low P rangelands in many countries of 
the world’s tropical regions, including China (Hong 1985; 
Michalk et al. 1993a). 

However, while stylos can produce yield > 1.5 t DM ha-’ on 
low P soil (Probert and Williams 1986; Winter et al. 1989a), the 
P content of unfertilized stylo pastures is often well below the P 
requirement of beef cattle (Probert and Williams 1986) which 
restricts liveweight performance (Winks et al. 1974). Legume 
content and P concentration in forage can be increased signifi- 
cantly with inputs of P fertilizer so that sustainable stocking rate 
and cattle liveweight gains are often double that of unfertilized 
stylo-grass pastures (Winter et al. 1989a, 1989b). Research has 
recommended initial dressings of superphosphate as high as 500 
kg ha-’ together with annual inputs of 250 kg ha-’ to maintain 
stylo-based pastures in ideal condition. Despite good response to 
these rates, increases in fertilizer costs and declines in beef prices 
have meant that only small rates (< 10 kg P ha-‘) of superphos- 
phate are irregularly applied to commercial pastures with the con- 
sequence that sty10 pastures are growing below potential in dry 
tropical environments (Hall 1993). These economic pressures 
have led to a reassessment of the rationale for application of 
superphosphate to legume-based pastures in the tropics and the 
development of the concept of “low input” technology. 

Low input soil management is based on 3 main principles (1) 
adaptation of plants to the soils constraints rather than elimination 
of all soil constraints to meet the requirement of less adapted 
plants; (2) maximization rather than optimization of output per 
unit of added fertilizer input; and (3) advantageous use of 
favourable attributes of infertile soils (eg. acidity, low effective 
cation exchange capacity) in formulating fertilizer strategies 
(Sanchez and Salinas 1981). 

In south China, 40 million hectares of tropical and subtropical 
rangelands offer significant potential for red meat production 
(Hong 1985) provided suitable legumes are found to improve 
productivity and quality of range vegetation using low input sys- 
tems. Previous papers in this series have examined the potential 
of legumes (Michalk et al. 1993a) and grasses (Michalk et al. 
1993b) to improve dry tropical rangelands of Hainan Island. 
These studies recommended that a mixture of Stylosanthes 
scabru Vog. (cv. Seca) and S. hamatu (L.) Taub. (cv. Verano) be 
used to improve low-P sandy areas, and Mucroptilium utrop- 
uroureum (DC.) Urban. (siratro) be sown as a companion to 
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Setaria sphacelate (Schum) Stapf ex Massey (cv. Kazungula) on 
moderate P red loam soils. However, given the widespread P 
deficiency in Chinese rangelands soils (Jiang et al. 1981) and the 
inadequacy of superphosphate supplies to meet demands for 
crops and pastures, it is unlikely that legume-based range 
improvement will be successful in south China unless low input 
fertilizer strategies are developed to sustain legume productivity 
and ensure adequacy of P for cattle growth. 

In this third paper of a series which focuses on improvement of 
dry tropical rangelands in China, we report results of a 3 year 
(1981-1983) experimental program undertaken to assess the ini- 
tial fertilizer requirements of sown pastures on low- and moder- 
ate-P soils at Gaopoling Model Cattle Farm (Dong Fang County) 
in western Hainan Island, People’s Republic of China. The spe- 
cific aims of the study were: (1) to identify nutrients deficient for 
legume growth based on soil tests; (2) to confirm nutrient defi- 
ciencies identified by soil tests by missing element study 
(Experiment 1); (3) to define response of adapted legumes to ini- 
tial fertilizer application (Experiment 2); and (4) to measure the 
residual effect of fertilizer over 3 seasons (Experiment 2). 

Material and Methods 

Site Description 
The experiments were conducted at Gaopoling Model Cattle 

Farm (19”09’N; 108”68’W) which is located in Dong Fang 
County on the western coast of Hainan Island, People’s Republic 
of China. Annual rainfall for this dry tropical region averages 
1,001 mm with 85% received in the mid-May to mid-October 
period. The vegetation is defined as a savanna with Heteropogon 
contortus (L.) Beauv. ex Roem. & Schult, Aristida chinensis 
Munro. and Eragrostis elongata Jacq. as dominant grasses (Hu et 
al. 1992) in the interspaces between a range of scrubs (Michalk et 
al. 1993a) and a few trees. Few legumes are found in undisturbed 
grasslands, but with heavy grazing there is a steady increase with 
Alysicarpus vaginalis (L.) DC., Indigofera hirsuta L., and 
Desmodium triforum (L.) DC. being the most important. More 
details of the location, climate, soil types, and unimproved range 
vegetation are given by Michalk et al. (1993a). 

Soil Types 
The soils on the site range from deep siliceous sands on the 

coastal plain to red loams in the undulating hinterland. Two main 
soil types (viz. sand and red loam) which differ in natural fertility 
were selected for the 2 experiments reported so that fertilizer rec- 
ommendations could be formulated for the majority of the area 
set aside under new policies for rangeland improvement of 
Hainan Island. A sandy site which had been cropped previously 
with sweet potatoes, but at the time of study had reverted to poor 
quality degraded grassland was selected as representative of the 
large area of low P soils found in coastal rangelands of dry tropi- 
cal Hainan. An area of red loam soil newly cleared of soft wood 
scrub was chosen as typical of the moderately fertile soils avail- 
able for range improvement in the hinterland. These soils are 
mapped as “dry red earths” in the Chinese classification system 
which equates with Usttorroxs in Soil Taxonomy (Zhao and Shi 
1986). Before site preparation was commenced, soil tests were 
conducted to confirm the fertility of both soils. Chemical proper- 
ties (O-10 cm samples) of both soils and critical nutrient levels 
for legume production are given in Table 1. 

Table. 1. Plant nutrient levels of soils at Gaopoling Farm, Hainan Island. 

Nutrient 

Phosphorus 
Potassium 
Sulphur 
Calcium 
Magnesium 
Iron 
Copper 
Zinc 

90% critical 
level (mg kg-‘) 

Soil type 
Sand 

25’ 3 
120 80 

5 5 
500 480 

50 88 
5 18 

0.3 0.1 
0.3 1.1 

Loam 

20 
14.5 

5 
1,828 

296 
32 

0.3 
1.2 

Manganese El!2 68 J&36 
Molybdenum 0.1 co.1 <O.l 
Boron 0.7 na 0.2 
Cobalt ? na 0.4 

‘Indicates critical levels for siratro; Underlined critical levels indicate toxicity 
level. 

Procedures 

Experiment 1 
A missing element design with 14 treatments (Table 2) and 2 

replications was used in Experiment 1 to determine the relative 
importance of nutrient deficiencies on each soil type identified by 
soil tests for growth of the 3 test legumes M. atropurpureum 
(Siratro), M. lathyroides (L.) Urban. (phasey bean cv Murray), 
and S. hamata (Carribean stylo cv. Verano) sown at 6, 10, and 12 
kg ha-‘, respectively. Rate and form of nutrients used in each 
treatment are given in Table 2. 

Table 2. Treatments, rates of nutrients, applied and chemical composi- 
tion of nutrients used in Experiment 1. 

Treatment Nutrients included 

Control 1 No nutrients applied 
Control 2 AU nutrients applied (P, K, S, Mg, Cu. Zn, MO, Co, 

Fe, Mn, B, Lime 1) 
Phosphorus All nutrients except P 
Potassium ‘1 K 
Sulphur “ S 
Magnesium “ 

Mg 
Copper 

“ CU 
Zinc “ Zn 
Molybdenum “ MO 
Cobalt ‘I co 
Iron I‘ Fe 
Manganese & Boron. “ Mn&B 
Lime 1 “ Lime at 250 kg ha-’ 
Lime 2 (Increase pH) 1‘ plus Lime at 4,000 kg ha-t 

Nutrient Form of nutrient Application rate 

Phosphorus 
Potassium 
Sulphur 
Magnesium 
Copper 
Zinc 
Molybdenum 
Cobalt 
Iron 
Manganese 
Boron 
Lime 1 
Lime 2 

__ 
(kg nutrient ha“) 

y&y4 50 50 
Elemental S 25 
WO 25 
cuso4 4 
ZnSO4 4 
Moo3 0.5 
CoCl2 1 
Fe260& 4 
MnS04 1 
2E? 

CaCO: 

250 1 

4,ooo 
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Pre-weighed nutrients were mixed with dry soil taken from 
each 2 X 10-m plot, broadcast with inoculated legume seed, and 
lightly raked. Treatment plots were separated by 2-m buffers to 
prevent nutrient movement between treatments. Forage harvested 
from 4 randomly selected 0.25 m2 quadrats/plot in early 
November (end of wet season) was sorted and dried to assess dry 
matter yield and botanical composition. 

Legume production (averaged over test legumes) in plots fertil- 
ized with complete nutrient treatment (Control 2) was compared 
with yield measured in unfertilized plots (Control 1) and a series 
of treatments in which each nutrient was excluded, in turn, from 
Control 2 (Table 2). For ease of analysis and interpretation, 
legume production was expressed as yield relative to Control 2. If 
relative yield of a treatment was < 40% of Control 2, the missing 
element was considered to be seriously deficient, but if relative 
yield was > 80% of Control 2, availability of that nutrient was 
reckoned to be adequate for legume growth. Marginal deficien- 
cies were defined between these limits. Relative yields were 
analysed by a factorial analysis of variance with 14 fertilizer 
treatments and 3 species as main effects. 

Experiment 2 
A split-plot design with 3 replications of 5 rates of phosphorus 

(0, 7, 14, 28, and 56 kg ha-‘) applied as superphosphate at plant- 
ing to main plots was used to define P responses of a P-efficient 
(Verano stylo) and P-inefficient (Siratro) legumes. Analysis 
showed that Chinese Grade 4 superphosphate contained 9.3% P, 
1.5% K, 12.1% S, and 18% Ca. The experiment was replicated in 
time with sequential plantings on 27 July 1981, 28 June 1982, 
and 27 July 1983 on both soil types. For all plantings, legume 
seed was scarified using hot water, dried, inoculated, pelleted 
with rock phosphate, and sown by hand at 8 kg ha-’ with the 
appropriate amount of pre-weighed superphosphate. 

Establishment and persistence were measured by counts of 
sown species made in November in the establishment year, and 
again in July and November of years 2 and 3 (if applicable) of 
each sowing in 4 randomly placed 0.5 X 0.5-m quadrats in each 
treatment plot. Yield and botanical composition were determined 
as described for Experiment 1. The management program for this 
study was to graze plots at the end of the dry season after yield 
assessment to remove mature pasture; no grazing was undertaken 
during the growing season. Dried sub-samples ground in a bench- 
top grinder were analysed for P and N content for the 1981 sow- 
ing only. To monitor soil P, four lo-cm diameter augur samples 
were collected from the O-10 and lo-20-cm layers in each sub- 
plot of the 1981 sowing, combined with other replicates, and a 
500-g sub-sample taken for analysis. 

Test legumes established well with similar densities measured 
on both soil types. However, soil type affected yield of trailing 
legumes with the siratro and phasey bean producing 4 to 6 times 
more dry matter on loam soil than sand when supplied with a 
complete fertilizer (Table 3). Yield of Verano stylo which was 
greatest on sandy soil was not affected by soil type. Although 
yields differed between legumes (P < 0.05), the relative response 
to the omission of various nutrients was similar. Fertilizer treat- 
ments did not affect yield of volunteer native grasses. 

On sandy soil, relative yield of legume averaged over the 3 test 
species was significantly reduced to 20% of Control 2 when P 
fertilizer was not applied (Table 3). The similarity in relative 

Table 3. Yields (relative to Control 2) of test species sown in missing ele- 
ment studies on some soil types at Gaopoling Farm. 

Yield (kg DM legume ha-t) 
Control 2’ 

Split-plot analyses of variance were set up in a Genstat pro- 
gram (Payne et al. 1988) to analyze density and yield data for 
establishment year performance of each species sown in the 3 
sequential sowings with 2 soil types and 3 establishment years as 
main effects. Linear and non-linear regressions were used to 
examine relationships between yield and applied P. The linear 
response and plateau (LRP) model which is independent of costs 
and prices (Sanchez 1976) was used to determine optimum P fer- 
tilizer required to sustain pastures for a 3-year period. 

Verano sty10 
Phasey hean 
Siratro 

Relative yield (%) 
Control 1’ 
Contd 2 
-P 
-K 
-s 
-Mg 
-CU 
-zn 
-MO 
-co 
-Fe 
-Mn&B 
+ Lime 1 
+ Lime 2 
ISd(590) 31 39 

Yields followed by the same letter are not significantly different at P < 0.05; Relative 
yields are means of the three test legumes; *indicates that mean is significantly diierent 
from Control 2 at the P < 0.05; ‘Control 1 was unfertilized; zControl 2 was fertilized 
with all nutrients. 

Results 

Soil Tests 
Large differences in native fertility were observed between 

soils (Table 1). The sand was the most infertile with acute deii- 
ciencies of P and K, marginal deficiencies of Cu and possibly MO 
for production of sown legumes. With levels below 15 mg kg-’ 
(Bray test), P is the most limiting nutrient for legume growth. 
Although Ca is low in sandy soil (Table l), it still accounts for 
more than 50% of the cation exchange capacity (Michalk et al. 
1993a). In contrast, the loam soil was moderately fertile with ade- 
quate levels of all nutrients for legume growth. However, the 
high Mn level may affect production of Mn-sensitive legumes 
such as Leucaena Zeucocephalu (Lam.) De Wit. With pH values 
above 5.0 in surface horizons (Michalk et al. 1993a), exchange- 
able Al is low, and there is no danger of aluminum toxicity 
affecting plant growth in these soils. 

Experiment 1 

1,462 c 
1,235 c 

775 d 

1,378 c 
7,821 a 
3,207 b 

16* 85 
100 100 

20 * 91 
97 125 
90 85 
96 96 
83 102 

119 96 
76 109 
79 109 
86 96 

103 76 
109 93 

96 75 
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yield between unfertilized control (Control 1) and the P-minus 
treatment confirmed that insufficient P was the main constraint to 
legume growth. With the possible exception of MO, legume 
growth was not affected by omission of any other nutrient identi- 
fied by soil tests as being marginally deficient on sandy soil 
(Table 1). 

On loam soil, relative yield was slightly reduced by exclusion 
of Mn and B, and when lime was applied to induce pH change 
(Table 3) of soil. Since the native level of soil Mn exceeded the 
critical level for legumes (Table l), this reduction in relative yield 
indicates a marginal B deficiency as lime application would also 
reduce B availability. The omission experiment showed that loam 
soil supplied all other nutrients in amounts sufficient for growth 
of the test legumes. 

Experiment 2 
Establishment Year Yield Response 

Soil type and year of sowing affected (P < 0.05) production of 
both test legumes in l-year-old swards (Fig. 1). Siratro yielded 
best on loam, especially in 1981 where production averaged > 3.5 
t DM ha-’ in all P treatments which was at least 5 times the yield 
measured on sandy soil. Low siratro yield (< 1.0 t ha-‘) in 1982 
was caused by a protracted period of moisture stress (late July to 
early September) shortly after sowing which killed many siratro 
seedlings. Growth of the more drought hardy Verano sty10 which 
performed best on sandy soil but also established vigorous stands 
on loam soil (Fig. l), was enhanced by this mini-drought which 
reduced competition from volunteer grasses and forbs. Excessive 
leaching of nutrients coupled with seed damage and removal 
caused by 417 mm of rainfall received in a 24-hour period 2 
weeks after sowing may explain in part the poor performance of 
both legumes in the 1983 sowing. 

Siratro did not respond to applied P on either soil type (Fig. 1). 
Similarly, Verano stylo sown on loam soil did not respond to 
applied P in 1981 and 1983, and only a slight response was mea- 
sured in the 1982 sowing. However, on sandy soil application of 
P increased (P c 0.05) establishment year yield of verano in 1981 
and 1982 sowings with the last 28 units of applied P still produc- 
ing a response of 44 and 66 kg DM kg’ of P (Fig. 1). Poor estab- 
lishment in 1983 affected the ability of Verano to respond to P. 

Companion species in siratro plots sown on sandy soil respond- 
ed (P c 0.05) to P with the P56 treatments producing more than 
twice as much as the control in each of the 3 sowings (Fig. 1). In 
contrast, the “companion species” component of verano plots was 
not affected by P rate. Year of sowing also affected growth of 
volunteer grasses and forbs on the sandy soil with yields in 1981 
exceeding (P < 0.05) those measured in 1982 and 1983. 
Companion species did not respond to P on loam soil during the 
establishment phase of both legumes and only a small effect of 
year of sowing with greater yield in 1983 compared to 1981 and 
1982 (Fig. 1). 

Second, Third and Total Yield 
Yield responses of 2- and 3-year-old pastures to applied P are 

shown in Table 4 together with mean establishment year (1 -year- 
old) production of siratro and verano swards on the 2 soil types. 
Verano was the most productive legume on both soils with an 
accumulated 3-year total of 8 and 6 t ha-’ for sand and loam soils, 
respectively, at the P56 rate. This was more than twice the yield 
of siratro on sandy soil and 30% higher than siratro production on 
loam soil. 

Difference in verano yield due to soil type resulted from higher 
production in l-year-old and 3-year-old swards on sandy soil at 
the higher P levels (Fig. 1; Table 4). Although verano responded 

SANDY SOIL 
VERANO SMLO 

LOAM SOIL 
VERANO STYLO 

m Legume 0 Companion species 

81 = 8own qsaf ; a2 - sown 1982; 83 = sown i 993 
Fig. 1. Establishent year production for verano stylo and siratro sown on sand and loam soils with a range of phosphorus rates applied as 

superphosphate at Gaopoling Farm. Note * and ** indicate significant differences in legume or other species yields due to P fertilizer within 
soil types and sown legume treatments at P < 0.05 and P < 0.01. 
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Table 4. Yield of legume and ‘other species” in l-, 2-, and 3-year-old Verano and siratm pastures sown on sand and loam soil with a range of P rates 
at Gaopoling Farm (1981-1983). 

Soil 
type 

legume Age Component 
0 7 

P rate (kg ha”) 
14 28 56 

Legume Sand Verano 

silatro 

Loam Verano 

l-year-old’ 

2-year-old’ 

3-year-old’ 

l-year-old 

2-year-old 

3-year-old 

1 -year-old 

2-year-old 

3-year-old 

1 -year-old 

2-year-old 

3-year-old 

Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 

Legume 
Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 

Legume 
Other spp. 
Legume 
Other spp. 
Legume 
Other spp. 

_ _ _ _ _ _ 
0.57a 
0.86a 
1.98a 
1.24a 

0.48a 
0.9Oa 

1.18b 
0.96a 
2.25ab 
0.96a 
0.85ab 
0.74a 

(t DM ha-‘) _ _ _ _ _ _ ----________.--. 
1.56~ 1.86d 
1.06a l.lla 
2.48b 3.58~ 
1.07a 1.27a 

0.62ab 1.08ab 
0.95a 1.29a 

0.07a 
0.99a 
09Oa 
1.59a 
0.47a 
0.77a 

0.22ab 
1.23b 
1.36b 
1.39a 
0.45a 
0.93a 

0.19a 
1.45bc 
1.37b 
1.69a 
0.57a 
l.lla 

0.9Oa 1.31b 1.16ab 
0.75a 0.54a 0.74a 
2.67a 3.2Ob 3.53bc 
1.32a 1.62a 1.25a 
0.06a 0.12a 0.43a 
1.71a 1.75a 1.65a 

1.45ab 
0.58a 
1.65a 
1.64a 
0.39a 
0.91a 

1.55ab 
0.66a 
1.59a 
1.91ab 
0.28a 
1.21a 

1.24a 
0.99b 
1.70a 
2.OOb 
0.64a 
0.96a 

0.41bc 
1.61~ 
2.2Oc 
1.44a 

0.77a 
1.26a 

1.52bc 
0.75a 
3.55bc 
1.15a 

0.28a 
2.28a 

1.47ab 
0.75ab 
1.75a 
2.28&z 
0.9Oa 
0.87a 

2.92e 
1.03a 
3.65~ 
1.35a 
1.34b 
1.94b 

0.58~ 
2sJOd 
1.96c 
1.63a 

0.83a 
1.26a 

1.64c 
0.70a 
3.74c 
1.59a 
0.64a 
1.88a 

l.70b 
0.88b 
1.88a 
2.44c 
l.Ola 
0.68a 

‘l-year-old production mean of sequential sowings in 1981, 1982, and 1983.2-year-old prcducdon mean of 1981 sowing cut in 1982 and 1982 sowing cut in 1983. 3-year-old ptuduc- 
tion is 1981 sowing Cut in 1983. 2Yields within soil types, sewn legume type, age, and pashln component followed by the same let& ax not significa%Jy different at p < 0.05, 

(P c 0.05) to applied P on both soils, the effect was greater on 
sandy soil with significant yield increases in 2-year-old and 3- 
year-old pastures. Siratro yield was only increased (P < 0.05) by 
P application in 2-year-old pastures on sandy soil. 

The effect of initial P application on yield of both legumes 
declined over time with 3-year-old pastures yielding less (P c 0.05) 
than 2-year-old pastures at all P rates on both soil types. On sandy 
soil this was due to a decline in the available soil P level and low P 
content of top growth (see below), but on loam soil a wildfire 
which burned the 1981 site in late August, 1983 was the cause of 

‘4 [ SANDY SOIL 

0 10 20 30 40 50 60 

Phosphorus (kg hi’ ) Phosphorus (kg hd’ ) 

low production in 3-year-old swards. Production loss for verano 
predicted from logarithmic equations fitted to production data for 
l- and 2-year-old swards on loam soil ranged from 3 t ha’ for PO 
to 4.3 t ha-’ for P56. For siratro, however, the yield loss due to 
fire was estimated to be c 0.6 t ha-‘. 

Rate of P rate did not affect yield of companion grasses and 
forbs in 2-year-old and 3-year-old siratro swards on sandy soil or 
in l-year-old or 2-year-old verano plots, but a significant yield 
increase of “other species” was measured in P56 treatment of 3- 
year-old verano plots (Table 4). On loam soil, P rate had no effect 

14 

F 

LOAM SOIL 

12 

10 

8 

6 

4 

2 

0- 
0 10 20 30 40 50 60 

@Verano A Siratro 

Fig. 2. Production (sown legume + other species) totalled for l-, 2-, and 3year-old verano and siratro pastures sown on sandy and loam soils 
with a range of P rates of Gaopoling Farm. 
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Table 5. P and N content of verano, siratro, and volunteer species fertil- 
ized with diierent rates of superpbospbate applied to sand and loam 
soils in 1981. 

Fertilizer 
rate 1981 

Year 
1982 1983 

(kg P hit) Legume GNSS Legume Grass Legume Grass 

Verano stylo 
sandy soii 

0 
I 
14 
28 
56 

Loam soil 
0 
I 
14 
28 
56 

siitro 
Sandy soil 

0 
I 
14 
28 
56 

Loam soil 
0 
7 
14 
28 
56 

Verano sty10 
Sandy soil 

0 
I 
14 
28 
56 

Loam soil 
0 
I 
14 
28 
56 

ShtTO 
Sandy soil 

0 
7 
14 
28 
56 

Loam Soil 
0 
7 
14 
28 
56 

0.10 0.12 0.10 0.11 0.09 0.08 
0.11 0.16 0.11 0.14 0.09 0.10 
0.19 0.16 0.13 0.13 0.11 0.11 
0.25 0.21 0.13 0.13 0.12 0.11 
0.24 0.29 0.17 0.21 0.13 0.12 

0.15 
0.16 
0.14 
0.11 
0.19 

0.21 0.14 
0.21 0.14 
0.22 0.15 
0.19 0.14 
0.21 0.16 

0.11 0.14 0.14 
0.22 0.14 0.16 
0.17 0.15 0.16 
0.24 0.15 0.16 
0.24 0.15 0.21 

0.10 0.11 0.11 0.09 0.09 0.10 
0.14 0.15 0.14 0.10 0.09 0.12 
0.11 0.19 0.14 0.10 0.10 0.10 
0.18 0.20 0.15 0.10 0.09 0.11 
0.20 0.22 0.16 0.10 0.11 0.11 

0.32 
0.32 
0.32 
0.35 
0.38 

0.22 0.24 
0.19 0.26 
0.24 0.27 
0.25 0.29 
0.27 0.37 

Nitrogen (%) 

0.20 0.16 0.15 
0.19 0.17 0.15 
0.23 0.18 0.14 
0.23 0.20 0.16 
0.24 0.26 0.20 

1.88 1.11 1.74 1.53 1.88 1.25 
1.98 1.43 1.92 1.30 1.94 1.26 
1.92 1.00 2.19 1.49 1.61 1.20 
1.93 1.42 3.06 1.61 2.02 1.14 
2.46 1.66 2.88 2.21 2.02 1.49 

1.57 1.05 1.68 1.04 1.44 0.94 
1.76 1.05 2.15 1.06 1.41 0.99 
1.63 0.93 1.19 1.02 1.57 0.85 
1.76 1.14 1.81 1.23 1.12 1.25 
2.05 1.61 2.03 1.18 2.13 1.32 

1.80 1.34 2.05 1.09 1.92 1.17 
1.81 1.33 2.03 1.10 1.81 1.24 
1.93 1.33 2.04 1.32 1.92 0.99 
1.90 1.33 2.04 1.28 1.87 0.89 
1.85 1.30 1.71 1.14 2.10 1.21 

2.41 0.89 1.96 0.84 1.62 0.93 
2.13 0.93 2.22 0.86 1.11 0.18 
2.42 1.10 2.24 1.03 1.82 0.84 
2.18 1.00 2.18 0.85 1.93 0.86 
2.26 1.29 2.26 0.96 1.97 1.00 

Phosphorus (Q) Plant Nutrient Concentrations 

on the yield of companion species in verano plots, but did 
increase the grass component in siratro plots fertilized with P 
rates > 14 kg/ha. 

Production (legume + “companion species”) totalled for l- 
year-old, 2-year-old, and 3-year-old verano swards exceeded that 
of siratro on both soils and at all P rates (Fig. 2). P rate increased 
the contribution of verano from 50 to > 60% on both soils. For 
siratro significant interaction occurred between soil type and P 

rate with higher production on loam soil at all P rates except P56. 
A difference also occurred in pasture composition with a higher 
proportion of siratro present on loam soil (> 50% in all treat- 
ments), and a significant increase in legume contribution on 
sandy soil due to P application (30% at PO to 41% at P56). 

Phosphorus: P concentration in top-growth of verano and sira- 
tro grown on unfertilized sand were 0.10% and 0.11% or less, 
respectively (Table 5), which are below the critical values for 
these legumes (0.17% and 0.24%, respectively). On unfertilized 
loam, P content of siratro tops ranged from 0.32% in 1981 to 
0.16% measured in 3-year-old swards in 1983, whereas the P 
content of Verano remained static on loam soil over the 3 years 
(Table 5). 

Application of P fertilizer increased P content of verano tops 
initially to 0.24% in the P56 treatment on sandy soil, but declined 
to 0.13% after 3 years. A similar pattern was evident for siratro 
on sandy soil, but unlike verano, the P content of siratro did not 
reach the critical value at any time of fertilizer rate on sandy soil 
(Table 5). On loam soil, however, the P content of siratro was 
maintained about the critical level in all treatments until 1983 
when only the P56 plots had P contents > 0.24%. 

On both soils, verano yield increased linearly with increasing P 
content of tops, although this only reached significance (P < 0.05) 
on loam soil in the establishment year. A similar trend was evi- 
dent for siratro, particularly on sand soil where P content of tops 
explained more than 65% of yield variation in 1981 and 1982 
(Tables 4 and 5). 

P content of companion species was significantly lower on 
sandy soil and only exceeded 0.20% (a generally accepted critical 
level for tropical grasses-Andrew and Robins 1971) when initial 
P fertilizer exceeded 28 kg P ha-’ in the initial year (Table 5). 
Sown legumes did not consistently affect P content of volunteer 
grasses and forbs. 

Nitrogen: N content of tops was positive correlated to yield of 
verano and siratro. For verano this was particularly evident on 
sandy soil (R’ = 0.70) where N content increased from c 2% with 
yield < 1 t ha-’ to 3% with yield > 4 t ha-‘. In contrast, the rela- 
tionship for siratro was significant (R* = 0.64) only on loam soil 
where siratro yield was greater and N content increased from 

Table 6. Effect on soil P (Bray test) of superphosphate applied in 1981 to 
sand and loam soils at Caopoliig Farm. 

Fertilizer 
rate 
(kg P ha-t) 

1981 
(May) 

Year 
1982 

(FebNw) 
1983 

CFebruarv) 

Sand soil 
0 
7 
14 
28 
56 

3' 

(mg kg-’ available P) 

2.7= 
2.7 
5.4 
8.1 
9.1 

2.4 
2.1 
4.5 
7.5 
9.0 

Loam soil 
0 20' 19.5* 11.6 
7 29.9 25.5 
14 31.6 25.1 
28 31.9 21.7 
56 30.9 

‘Soil test prior to sowing; ’ means for sir&o and stylo plots. 
30.4 
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Table 7. Annual recovery of P fertilizer by stylo- and siratro-based pastures expressed as a percentage of total fertilizer P recovered over 3 years 
(198143) on sandy soil at Gaopoling Farm. 

Fertilizer 
rate 

Total P 
recovered’ 

Fertilizer P 
recovered* 1981 

Annual recoverv 
1982 1983 

Legume GK3.S Lewe Grass Legume Grass Legume Grass Legume Grass 

(kg P ha-‘) (kg P ha-’ 3 year-‘) (kg P ha-’ 3 year-‘) ----.--.-.--------.-------(%o)-----------.------------- 
Verano-based pasture 

0 2.1 

7 4.3 
:;: 10.2 5.2 
56 15.2 

3.8 

5.2 1.6 1.4 
;:: 2.5 7.5 4.5 3.8 

2 

10.5 12.5 6.1 :: 

zl :: 25 12 I 9 

2 1; 12 11 ii 

Siratro-based pasture 
0 2.2 4.4 
7 3.5 

i: 6:7 

iti 1.3 1.6 
14 

10.7 914 

1.5 3.9 
2 :: 2; 1: 1: 19 

8 

z: 4.5 3.9 5.0 6.3 it z :i i 1; :i 

‘Calculated by tbe product of P content in tops (Table 5) and pasture yield for 1981 sowing; ZCakulated by subtracting amount of P recovered at zero fertilizer from amounts recov- 
ered when fertilized. 

1.8% with yields < 1 t /ha to 2.4% when yield exceeded 4 t ha-‘. 
Yields of companion species were not consistently related to N 
content of tops on either soil or with either sown legume. P appli- 
cation consistently increased N concentrations in verano on both 
soil types, but had no effect on the N content of siratro (Table 5). 

functions over the entire P input range indicated that there was no 
clear optimum for either legume, and therefore P fertilizer was 
not recommended for this soil type based on the pasture produc- 
tion observed in these studies. 

Changes in Soil Phosphorus 
Discussion and Management Implications 

Verano and siratro plots were similar in Bray No 1 P measured 
in the O-10 cm soil depth, so only mean values for each P treat- 
ment are given in Table 6. Levels were low in control (PO) plots 
on sandy soil throughout the experiment (C 3 mg kg-‘) and 
decreased slightly on loam soil. The addition of 14 kg P ha-’ dou- 
bled available P on sandy soil while the P56 treatment applied in 
1981 maintained the P level at 9 mg kg-’ until the end of the 
study. Applied P increased available P in loam soil by a similar 
factor and with similar residual to sandy soil. 

The experiments reported were conducted over 3 seasons of 
variable but adequate rainfall on pastures of varying age on the 2 
most common soil types targeted for range improvement in west- 
em Hainan Island. Based on results of soil tests, missing element 
studies and pasture responses, it was concluded that P fertilizer 
must be applied to sandy soils for successful pasture develop- 
ment, but that legumes could be oversown on loam soil with little 
or no fertilizer. 

Recovery Rate of P Fertilizer 
P response on sandy soil 

Data from the 1981 sowing showed the amount of fertilizer P 
recovered in the top growth of the verano- and &&o-based pas- 
tures with increasing fertilizer rates (Table 7). Total fertilizer P 
recovered over the 3 years in plant tops ranged from > 38% for 
both pastures at low P rates to 34% for verano pastures and 19% 
for siratro pastures in the P56 treatments. While there was little 
difference in the amount of fertilizer P recovered by the legume 
component at the 2 low fertilizer rates, verano stylo recovered 
100 to 200% more P than siratro at P28 and P56. The recovery 
pattern was also different with verano recovering an equal 
amount of P in 1981 and 1982, whereas siratro recovered more 
than two-thirds of its total P in 1982. This was due to the slow 
rate at which siratro established leading to low DM yield in 198 1. 

Verano and siratro both established on these very P-deficient 
soils without superphosphate application, but yield and P content 
of tops were low, especially for siratro. Pasture production was 
significantly increased by applying P fertilizer with the response 
generally associated with the legume component rather than the 
companion grasses. 

Overall, there was little difference in the amount of fertilizer P 
recovered by companion grasses in the 2 pasture types when fertil- 
izer was applied at the same rate of P. Most of this P was recov- 
ered by grasses in the first year of application (Table 7), especially 
in siratro pastures where legume yield was low (Fig. 1). 

Optimum P Rates for Verano and Siratro 
For sandy soil, the LRP model set the optimum P rate for vera- 

no and siratro at 43 and 32 kg ha-‘, respectively (Fig. 2). 
However, for loam soil, a high regression coefficient for linear 

Siratro pastures: Overall there was a much lower yield 
response of siratro-based pastures to P fertilizer than for verano. 
Although it is generally observed that siratro yield decreases as 
the yield of associated grasses increases. (Rees et al. 1976), our 
results showed that the performance of siratro was limited by its 
inability to obtain sufficient P from these soils with low available 
P (even when fertilized), rather than from overtopping by com- 
panion grasses as reported elsewhere (e.g. Jones and Jones 1976). 
This was supported by the failure of P content of siratro tops to 
reach the critical value of 0.24% (Andrew and Robins 1969) at 
any level of P fertilizer on sandy soil. Grass competition for 
available P supply could have prevented siratro from obtaining 
sufficient P for response, particularly in the establishment year. 
Given the low yield of siratro at all level of P fertilizer, we do not 
recommend that this twining legume be sown to improve sandy 
soil rangelands in western Hainan. 

Verano stylo pastures: For verano pastures, production 
exceeded 80% of the maximum yield on sandy soil (8 t ha-’ over 
3 years) when available soil P was increased to > 7 mg kg-’ by 
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applying 28 to 56 kg ha-’ of P fertilizer. This soil P level agrees harvest. This did not affect the density of either species in the fol- 
with values reported as a requirement for stylo pasture to produce lowing wet season (Zhu Ching-Ming, unpublished data), but it 
maximum cattle production on light-textured soils in northern did reduce legume production by bestowing a competitive advan- 
Australia (Kerridge et al. 1990). The good response of verano to a tage on Imperata cylindrica, a fire-tolerant grass, which made 
relative low level of soil P confirms the ability of the stylo to rapid regrowth using nutrients released by burning. It also shaded 
extract P from infertile soils (Andrew and Robins 1969). the slower growing, shade-intolerant stylo (Sillar 1967). 

However, there is a danger that unless effective extension pro- 
grams are put in place, this ability of stylos to produce yields con- 
sistently > 0.5 t ha-’ year’ (which far exceeds the legume content 
of unimproved rangeland) with little or no P fertilizer, may entice 
Chinese peasants to dismiss the need to adequately fertilize such 
pastures and simply surface broadcasting stylo into unfertilized 
rangelands. This could have an adverse effect on the adoption 
rate of range improvement technology as livestock performance 
on such pastures will be well below expectations for 2 reasons. 

Based on responses measured in these experiments, there is no 
immediate benefit either in total production or increased legume 
component to warrant fertilizer application to either stylo- or sira- 
tro-based pastures grown on loam soil. However, while siratro 
yielded less than verano on loam soil, we recommend that siratro 
be sown on loam soil areas as it is more compatible with intro- 
duced grasses (eg. Setaria sphacelata) which are also recom- 
mended for this soil type (Michalk et al. 1993b). 

First, the use of 100 kg ha-’ of superphosphate every 3 to 5 years 
(a strategy often recommended based on Australian experience) 
would produce < 60% of the potential verano yield on sandy soil. 
More importantly, however, with low P fertilizer inputs, the P 
level in the tops was inadequate for the growth and reproduction 
of cattle (Call et al. 1978). Hall (1993) reported similar low P lev- 
els in verano grown on light-textured soils in northern Australia, 
and suggested that a P supplement would be needed for breeders 
to gain the most benefit from the legume complement. 

Conclusion 

Given limited supplies of superphosphate for use on rangelands 
in south China, these results from Gaopoling Farm demonstrated 
that there was no benefit gained from applying P fertilizer to pas- 
tures grown on soils with an available soil P level exceeding 20 
mg kg-‘. In contrast, dry matter responses, recovery rates of fertil- 
izer P, and possible large losses of applied P through leaching 
have important implications for developing P fertilizer strategies 
for sandy soils in south China. While the application of a large 
amount of superphosphate (> 28 kg P ha-‘) in a single application 
was sufficient to maintain both yield and P content of verano 
stylo, split applications of the same total amount or additional 
maintenance inputs may further increase the production of 
legumes and companion grasses on sandy soils. 

Based on the P requirements for grazing cattle, the large initial 
P requirement predicted by the LRP model for verano pastures 
(43 kg P ha-r) should provide adequate P for 2 years as well as 
improve the nitrogen status of companion grasses. Economic 
analyses (D.L. Michalk, unpublished), show that at this rate, the 
marginal net return was about $1.5 per dollar invested in fertiliz- 
er. Only when there was a concurrent 50% increase in the cost of 
P and a similar decrease in the price of carcass beef did the analv- 
sis indicate that it was too risky to fertilize stylo pastures at the 
optimum rate. 

P recovery rate: P recovery at low fertilizer rates was signifi- 
cant, but still more than half of the applied P remained unac- 
counted for even when a 25% allowance was made for the P con- 
tent of roots. The lack of difference in the P status of soil between 
verano- and siratro-based pastures at the end of the study even 
though verano pastures extracted more P, suggests that leaching 
may account for the loss of the remaining fertilizer P. In general, 
P loss from most soils is negligible (Sanchez 1976), but extreme- 
ly sandy soils are notable exceptions. On sandy soil in northern 
Australia, for example, Gillman (1973) showed that more than 
50% of applied P was leached from top-soil (30 cm) under rain- 
fall of 1,145 mm yr’. These results suggest that significant P loss 
by leaching is possible on Gaopoling sands given the soil charac- 
teristics and rainfall (1,001 mm yr-‘). Further, since superphos- 
phate is highly soluble, most leaching is likely to occur in the first 
wet season following fertilizer application. 
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Abstract 

Seedbed requirements for the establishment of grasses and 
legumes were studied in 3 experiments conducted over 3 years 
(198143) on the sandy (< 5 mg kg-’ Bray P) and loam (> 20 mg 
kg-’ Bray P) ultisol soils found in the dry tropical rangelands of 
western Hainan Island, China Density at the end of the wet sea- 
son and production accumulated over the growing season 
(May-October) were the discriminative parameters used. 
Experiment 1 measured the effect of seedbed preparation (culti- 
vated and uncultivated but heavily grass pasture) on the estab- 
lishment of 2 grasses, buffel (Cenchrus ciliuris L. cv. Biloela) and 
sabi (Urochloa mosambicensis (Hack.) Dandy cv. Nion), sown 
alone or mixed with 3 stylos (StyZosanthes guianensk (Aubl.) SW. 
var. guiazensis cv. Graham, S. &uua& (I.) Taub. cv. Verano and 
S. scabra Vog. cv. Seca) on the 2 soil types. Biloela buffel estab- 
lished better and produced more in subsequent years than Nixon 
sabi grass when sown on a cultivated seedbed, but neither grass 
established when sown into undisturbed grassland. Companion 
stylos established on both seedbeds, but initial density and yield 
was lower on the uncultivated seedbed. However, in 3-year-old 
swards, stylo yield on uncultivated seedbeds equalled or exceeded 
yield on cultivated seedbeds. Seca was the most productive stylo, 
but Graham yielded more consistently between years. Soil type 
had no effect on sown grass production, but legumes grew better 
on the sandy soil. Experiment 2 measured the effect of 4 seedbeds 
(heavily grazed, 1 diiking, sprayed with herbicide, and cultivated 
to fine tilth) on establishment on Verano and Seca stylos on 
sandy soil. Density of both stylos was highest where grass compe- 
tition was minimized with herbicide and lowest where heavy 
grazing was imposed prior to seeding. Compared to herbicide, 
disking resulted in lower density and yield in the establishment 
y&, but the difference disappeared with time. Burial of seed too 
deeply and subsequent competition from native species account 
for the poor performance of both stylos when drilled into a culti- 
vated seedbed which was still evident in 3-year-old swards. 
Experiment 3 examined the interaction between seedbed type 

(heavily grazed, burnt, 1 disking, sprayed with herbicide) and 
superphosphate application. Superior establishment was mea- 
sured on herbicide and disked treatments and production was 
stiB higher in J-year-old swards than heavy grazing. Burning was 
more effective than heavy grazing. Increasing fertilizer input 
improved legume production on all seedbeds, but did not affect 
density. Reduction in legume yield between 2- and 3-year-old 
swards in the burnt and dlsked treatment due to grass competi- 
tion highlights the need for appropriate grazing to maintain 
legume content of augmented grasslands. Overall we recommend 
rough disking as the most practical and cost-effective means to 
augment native grasslands with styles. A fme seedbed is recom- 
mended to provide the disturbance required to establish grasses. 
There is no advantage gained by including grasses with legumes 
oversown into living grassland. 

Key Words: China, dry tropical, seedbed, cultivation, burning, 
herbicide, grasses, legumes 
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It is important to determine the cheapest, low risk methods of 
pasture establishment in tropical areas so that farmers will be 
encouraged to improve their pastures and cattle productivity 
(Hutton 1979). To date, little research has been conducted in 
south China to identify the most efficient means of introducing 
improved grasses and legumes into rangelands set aside under 
government policies for beef production. 

Wherever possible the existing grassland should not be 
destroyed during range improvement programs. This not only 
lowers development costs, but also provides cattle forage during 
the improvement phase. In Australia, Stylosanthes and 
Macroptiltium species are most often established by oversowing 
seed into the ash of burnt or heavily grazed grass-dominant native 
pastures (McIvor 1983). Since these legumes are also highly 
adapted to the dry tropical rangelands of western Hainan Island 
(Michalk et al. 1993a), the potential of low-cost sowing methods 
needs to be tested in south China. 

While the application of superphosphate and broadcast sowing 
of styles have significantly increased beef output in tropical areas 
(Hutton 1979, Walker 1983), Australian experience indicates that 
the increased grazing capacity may lead to pasture instability 
(Andrew 1988) caused by a decline in the native perennial grass- 
es (Ritson et al. 1971, Winks et al. 1974). More competitive and 
robust grasses are desirable components of range vegetation 
because they provide stability and prevent ingress of woody 
weeds (Norman 1967). 
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The ability to establish readily with minimum seedbed prepara- 
tion and low fertilizer inputs has become an important criteria to 
select better perennial grasses for dry tropical environments. 
However, in contrast to legumes, research suggests that consider- 
able disturbance of the existing vegetation is necessary for satis- 
factory establishment of improved grasses (McIvor and Gardener 
1981, Thomson et al. 1983) such as buffel grass (Cenchnrs cil- 
iaris L.) and sabi grass (Vrochloa mosambicensis (Hack.) 
Dandy). Nevertheless, it is not known if this also applies to 
rangelands on Hainan Island where the soil types and native 
grasses are different from those found in northern Australia. 

The aim of the 3 experiments reported in this paper was to 
determine the effect of a range of seedbed preparations on the 
establishment of 3 legumes and 2 grasses on the 2 main soil types 
found in the rangelands of western Hainan Island. The interaction 
between seedbed preparation and fertilizer application was also 
investigated. 

Material and Methods 

Site 
The experiments were conducted at Gaopoling Model Cattle 

Farm (19’09’N; 108”68’W) which is located in the dry tropical 
region of western Haitian Island, People’s Republic of China. The 
1,001 mm annual rainfall is typical of the dry tropics with 85% 
received in the mid-May to mid-October period. The soils on the 
site range from deep siliceous sands on the coastal plain to red 
loams in the undulating hinterland. Both types were included in 
this study. These conditions, which are representative of the 
162,000 ha set aside in dry tropical Hainan Island for improve- 
ment for range-based cattle production, are described in detail by 
Michalk et al. (1993a). 

Existing Vegetation 
The vegetation of the coastal plain of western Hainan Island is 

defined as a savanna (Grubov 1969) with Heteropogon contortus 
(L.) Beauv. ex Roem. & Schult, Aristida chinensis Munro. and 
Eragrostis elongata Jacq. as dominant grasses (Hu et al. 1992) in 
the interspaces between a range of scrubs (Michalk et al. 1993a) 
and a few trees. In addition to these dominants, other grasses 
include: Cynodon dactylon (L.) Pers., Digitaria longiflora (Retz.) 
Pers., Imperata cylindrica (L.) P. Beauv. and Paspalum orbicu- 
lure G. Foster. Cymbopogon caesius Stapf., Eulalia quadrinervis 
Kuntze. and Ischaemum aristatum L. are also found but only on 
the red loam soil. Few legumes are found in undisturbed grass- 
lands, but with heavy grazing there is a steady increase with 
Alysicarpus vaginalis (L.) DC., Zndigofera hirsuta L. and 
Desmodium triflorum (L.) DC. being the most important. D. tri- 
florum, a prostate legume which resists grazing and grows well 
with short grasses, is the dominant legume on the sandy soil. 

General Experimental Procedures 
Experiments 1 and 3 were conducted as cutting studies on 4 X 

4-m plots replicated 3 times, whereas Experiment 2 was conduct- 
ed as a field demonstration using 2-ha paddocks. Cattle were used 
each year to remove accumulated growth just prior to rain at the 
end of the dry season in Experiments 1 and 3 but were set stocked 
at 2 animal units (AU) ha*’ in Experiment 2 from November 1981 
to the end of the study. 

Legume seed was dehulled, scarified using hot water treatment, 
inoculated with commercial Rhizobia in peat, and pelleted with 
rock phosphate prior to surface broadcasting at a rate of 6 kg ha-‘. 
A germination percentage of > 85% was obtained for both 
legumes using a standard test. Grasses were also surface sown at 
6 kg ha-’ in Experiment 1, and both had a germination percentage 
of 28%. 

Experiments 1 and 2 were fertilized with local Grade 4 super- 
phosphate (28 kg P ha-‘) at sowing. Four rates of superphosphate 
were used in Experiment 3. No maintenance fertilizer was 
applied to these experiments over the study period. 

Dry matter production was measured at the end of the wet sea- 
son by cutting four 0.5 mz quadrats/plot with hand shears to a 
height of 5 cm. Harvested material was weighed, sorted into 
species components, and dried to determine dry matter content 
and botanical composition by weight. Plant density was estimated 
by counting the number of sown species present in four, 0.5 m2 
quadratslplot at the end of the wet seasons in 1981 and 1982 in 
Experiments 1 and 3, and in 100 quadrats in Experiment 2. Total 
yield and botanical composition of all treatments were monitored 
over 3 seasons (1981-83). 

Analyses of variance split in time were set up in the Genstat pro 
gram (Payne et al. 1988) to analyse density and production data. 
Least significant differences based on error terms from the appro 
priate stratum of the analyses of variance for pasture parameters 
were used to differentiate between significant and non-significant 
means. Linear and nonlinear regressions were used to examine 
relationships between sown legume performance and density. 

Experiment I 
The effect of seedbed preparation on grass establishment and 

subsequent production was examined in a 3 way split design with 
2 soil types (sandy and red loam) and 2 seedbed types (cultivated 
and heavily grazed but uncultivated) as main-plots, and 3 grass 
(native grasses; Vrochloa mosambicensis-sabi grass cv. Nixon 
and Cenchrus ciliaris-buffel grass cv. Biloela) and 4 legume (vol- 
unteer naive legumes; Stylosanthes guianensis (Aubl.) SW. var. 
guianensis cv. Graham, S. hamata (L.) Taub. cv. Verano and S. 
scabra Vog. cv. Seca) treatments as sub-plots. 

The cultivated seedbed was prepared by ploughing twice with 
offset discs and once with a tyned scarifier. Seed was surface 
broadcast with fertilizer and raked lightly on 10 July 1981. The 
uncultivated area was heavily grazed with cattle and the seed 
broadcast with fertilizer into the short pasture which remained 
(about 0.5 t DM ha-‘). 

Experiment 2 
The effect of seedbed preparation on the establishment of 

Verano and Seca stylos was investigated further on sandy soil in 
a split-plot design with seedbed preparations as main plots and 
legume species as sub-plots. The seedbed treatments included: 

(1) Control-heavily grazed with cattle; 
(2) Disked-rough seedbed prepared by cultivating with 1 pass 

with offset disks 
(3) Herbicide-regrowth was sprayed with glyphosate (1.4 kg 

ha-’ active ingredient) 21 days after heavy grazing by cattle; and, 
(4) Cultivated-fine seedbed prepared by disking followed by 

cultivation. 
Legume seed and fertilizer were mixed and broadcast onto the 

surface of treatments I to 3 using a fertilizer spinner on 25 July 
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198 1. Treatment 4 was sown with a drill which placed the legume 
seed and fertilizer at about 1 cm below the soil surface. Density 
and production were measured in 13 sampling areas located on 
the diagonal transects of each of the 2-ha plots. 

Experiment 3 
The interaction between seedbed preparation and fertilizer 

application on establishment and subsequent production of 
Verano sty10 was examined on the sandy soil only. The experi- 
mental site which had good cover of native grasses (about 80%) 
was selected in May 1981 just prior to the start of the wet season 
and the following seedbed preparations were imposed: 

(1) Control-heavily grazed with cattle; 
(2) Burnt-no further treatment; 
(3) Cultivated-rough seedbed prepared by cultivating with 1 

pass with offset disks; and 
(4) Herbicide-regrowth was sprayed with glyphosate (2 kg ha-’ 

active ingredient) 21 days after heavy grazing by cattle and 2 
days before sowing. 

The experimental design was as split-plot design with seedbed 
preparations as main plots and 4 rates (in kg P ha-‘) of superphos- 
phate (PO, P7, P14, and P28) as sub-plots. All treatments were 
broadcast with Verano sty10 on 15 July 1981. 

Results 

Experiment 1 
Establishment 

Density (plants me*) of sown species present at the end of wet 
season in 1981 was used as a measure of initial establishment. 
Re-sampling in November 1982, provided an indication of sur- 
vival and recruitment. 

Grasses: Seedbed preparation significantly impacted grass 
establishment. Both grasses failed to establish when broadcast on 
the uncultivated seedbed, but established reasonably well on the 
cultivated seedbed prepared on both soils with densities in the 
range of 3 to 35 plants mm2 (Table 1). 

Buffel established at twice the density of sabi grass. Soil type 
also affected grass establishment with twice as many sown grass 
plants present on the sandy soil compared to the red loam (Table 
1). Of the companion stylos sown only Verano affected grass den- 
sity reducing buffel density by 45% and sabi grass by 25%. 
However, this effect was not carried through to 2-year-old pastures. 

Sward age affected grass density on the sandy soil where num- 
bers of buffel grass were reduced 28 to 44%, except when grown 
with Verano where density increased with time (Table 1). On 
loam soil, however, there was no difference between the densities 
of either grass in l- or 2-year-old swards which developed on the 
cultivated seedbed. 

Legumes: Stylos established better than grasses on both 
seedbeds (Table 1). However, lie the sown grasses, legume den- 
sity was reduced by up to 50% or more on the uncultivated 
seedbed. Densities of Graham and Seca stylos were similar, but 
the overall density of Verano was significantly lower (P < 0.05). 
Companion grass did not affect density of any of the styles. 

Survival and recruitment were similar between the 1981 and 
1982 measurements for all of the stylo cultivars on loam soil, 
irrespective of seedbed type. However, on sandy soil density of 
all stylos declined (P c 0.05) between 1981 and 1982 where the 
seedbed was cultivated, but only for cv. Graham when sown on 
the uncultivated seedbed (Table 1). 

Production 
Sown grasses: Seedbed significantly affected (P c 0.05) sown 

grass performance (Table 2). Introduced grasses did not produce 
any measurable yield in treatments broadcast on the uncultivated 
seedbed on either soil type (Fig. 1). On the cultivated seedbed, 
production of buffel and sabi was also low (mean c 0.13 t ha-‘) in 
the establishment year, but yields of both sown grasses improved 
(P c 0.01) over time with production exceeding 2 t ha-’ of sown 
grass in some treatments by the end of the study (Fig. 1). 

Buffel was superior to sabi grass on both soil types (P < 0.05), 
producing on average about 60% more dry matter. This was due 
to significantly higher production in 2- and 3-year-old swards. 

Table 1. Establishment for sown grass only, sown legume only, and sown grass/legome mixtures sown on cukivated and uncultivated seedbeds on 
sandy and loam soils at Gaopoling Farm, 1981-1982 (Experiment 1). 

Sown 
grass 

Sown 
legume 

Cultivated seedbed Uncultivated seedbed 
Loam soil Sandv soil Loam soil 

Grass Lwm Grass LWU ch!a Lermme 
1981 1982 1981 1982 1981 1982 1981 1982 z2 1981 1982 1981 1981 1982 1981 1982 

None sown Graham 
“--‘------68---j3;------------‘-J1---@lantsm-2)-------------------------------.------- 
- - 45 41 lO* 18 8* - - - - 

Seca - 63 31* - 1 45 - - 39 10 6 - - 28 20* 
Verano - - 25 8* - - 12 11 - - 10 6 - - 6 3 

Buffel None sown 35 20* - - 15 12 - - 
Graham 32 23* 66 Ii’* 13 9 36 -9* -0 i 20 Ii* 36 0 0 41 
Seca 34 19* 59 35* 14 16 42 32 0 0 18 6 0 0 21 16 
Verano 19 27* 17 10 8 12 8 7 0 0 13 6 0 0 12 3* 

Sabi None shown 21 9* - - 4 3---------- 

Graham 17 12 56 24* 2 2 38 28 0 0 42 ll* 0 0 20 15 

Seca 17 18 57 36* 3 4 30 40 0 0 14 7 0 0 23 17 

verano 13 12 25 7* 3 3 10 11 0 0 13 7 0 0 93 

*indi~atcs significant difference at P < 0.05 in mean density of grasses or legumes behvcen years within pasture cc~mponcnt, grass species, legume species, soi] type, and dw type, 
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Table 2. Means for main effects of production for grass/legume nhtures 
sown on cultivated and uncultivated seedbeds on sandy and loam soils 
at Gaopoling Farm, 1981-1983 (Fqwriment 1). 

Main Parameter 
Effect Comparison GtXSS’ Legume’ Other spp. Total 

__________ (tDMha-‘) __________ 
Seedbed Cultivated 0.49a 1.75a 0.95b 3.19a 

Uncultivated O.OOb 1.21b l.lla 2.32b 
Soil type Sand 0.23a 1.30b 0.78b 2.31b 

Loam 0.26a 1.66a 1.27a 3.19a 
Legume None sown 0.22b 0.36l.l 1.02b 16Od 

Graham 0.34a 1.76b l.llab 3.2lb 
Seea 0.25ab 2.95a 0.84~ 4.04a 
Verano 0.18b 0.87c 1.15a 2.2Oc 

Grass None sown 0.001~ 1 S4a 1.16a 2.70a 
Buffel O&a 1.43a 0.94b 2.83a 
Sabi 0.28b 1.48a 0.99b 2.75a 

YMI 1981 0.07b 0.53c 1 .OSa 1.68~ 
1982 0.37a 2.67a 1.08a 4.12a 
1983 0.3Oa 1.25b 0.93b 2.48b 

Maio effects means within parameters followed by the same letter are not significantly 
difkrent at P < 0.05; ‘refers to sown species. 

Soil type did not affect yield of either grass. Companion legumes 
significantly affect grass production: on both soils legumes 
increased (P c 0.05) buffel yield in 2- and 3-year-old pastures 
(Fig. 1). 

Sown legumes: Seedbed preparation, soil type, and year signif- 
icantly affected (P c 0.05) legume performance (Table 2). 
Production of the 3 stylos was higher (P c 0.01) in the establish- 
ment year when broadcast on a cultivated seedbed on both soils 
(with and without improved grasses) compared to yields on the 
uncultivated seedbed (Fig. 1). Although the establishment year 
production of all stylos was < 0.3 t ha-’ when broadcast on the 
heavily grazed but uncultivated seedbed, sty10 yield on 3-year-old 
pastures were equivalent to or higher than production measured 
on the cultivated areas (Fig. 1). 

The full effect of soil type x seedbed interaction on legume pro- 
duction was masked by a wildfire which burned the loam site in 
late August 1983, and reduced (P < 0.05) yields of Verano and 
Seca below those measured on sandy soil (Fig. 1). Graham sty10 
was least affected by tire. 

Sown legumes produced between 2 and 8 times more forage 
than volunteer native legumes. Seca was the most productive of 
the sown legumes (Table 2), but Graham produced consistently 
between years (Fig. 1). 

Endemic grasses and forbs: Grasses accounted for more than 
90% of the “other” component on both soil types. However, 
bunch grasses dominated the red loam site and stoloniferous sod- 
formers were more prevalent on sandy soil. More (P < 0.05) 
native grasses and forbs were found on the uncultivated seedbed 
and on the loam soil. Yield of volunteer species was reduced 

;;I Volunteer legume 

Graham stylo 

0 
YEAR 12 3 123 123 123 123 123 

SOWN GRASS None Buffel Sabi None Buffel Sabi 
123 123 123 123 123 123 

None Buffel ‘Sabi None Buffel Sabi 
SEEDBED -w-- Cultivated ---C e Uncultivated --t e Cultivated e * Uncultivated --C 

SOILTYPE - Sandy soil - e Red loam soil ____C 
m Sown grass 0 Legume m Other grasses 8 broadleafs 

Fig. 1. Production for grass only, legume only and grass/legume mixtures sowu on cultivated and uncultivated seedbeds on sandy and loam 
soils at Gaopoling Farm, 1981-1983 (Experiment 1). Asterisk indicate significant differences at P < 0.05 in sown grass, legume or “other 
species” production between years within sown grass treatments. 
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when legumes were broadcast with grasses, especially Graham 
and Seca (Fig. 1). 

Total yield: Seedbed preparation, legume species, soil type, and 
age of sward all significantly affected (P < 0.05) total yield accu- 
mulated over the growing season in each year. Overall total yield 
was 38% higher on a cultivated seedbed and twice as high on loam 
compared to sandy soil (Table 2). Legume species impacted total 
yield, especially Seca which produced > 200% more forage than 
the control on sandy soil on both seedbed types, and about 100% 
more on loam soil. However, this superiority was due mainly to the 
high production of Seca in 1982 when the legume accounted for > 
90% of total yield (Fig. 1). Although Graham sty10 produced only 
half of the yield of Seca-based pastures, total production was dis- 
tributed better between years (irrespective of seedbed type-Fig. 1) 
which would be an advantage for cattle production. 

Experiment 2 
Establishment 

Overall densities of Verano and Seca were low and estabhsh- 
ment in 1981 accounted for less than 1% of the viable seed sown. 
Type of seedbed significantly affected establishment with lowest 
legume density measured in the control (heavy grazing only) fol- 
lowed in ascending order by the cultivated, disked, and herbicide 
treatments. In the establishment year, Seca sty10 stands were twice 
as dense as Verano in all treatments except the control (Fig. 2). 
However, density increased (P c 0.05) in all seedbeds with time. 
For Verano, populations doubled with each successive year, but 
the densities were still lower (P < 0.05) than Seca in 3-year-old 
swards in all seedbeds (Fig. 2). The superiority of the herbicide 
treatment was maintained throughout the 3-year study (Fig. 2). 

Production 
Legumes: Seedbed type, legumes species, and time significant- 

ly affected legume performance (Table 3). Yields measured at the 
end of the first growing season for Verano and Seca were less (P 
< 0.05) on the control and cultivated plots than on the disked or 
herbicide treatments (Fig. 2). Despite the difference in density, 

Table 3. Means for main effects of production for Verano and &.a stylo 
sown on 4 seedbeds on sandy soil at Gaopoling Farm, 1981-1983 
(Experiment 2). 

Mill 
Effect Comparison Legume* 

Parameter 
Other spp Total 

S&bed 

Legume 

Year 

~ _________ (tDM&-‘) _------__ 
Heavily grazed 1.73c 0.74b 2.47b 
Herbicide 2.64a 0.75b 3.39a 
Disked 2.11b 1.04a 3.15a 
Cultivated 1.08d 1.02a 2.1Oc 

Verano 1.22b 0.82b 2.04b 
Seca 2.57a 0.99a 3.56a 
1981 0.37c 1.12a 1.49c 
1982 2.09b 1.04a 3.13b 
1983 3.21a 0.55b 3.76a 

Main effects means within parameters followed by the same letter arc not significantly 
different at P < 0.05; ‘refers to sown species. 

yields were similar for the 2 stylos on each seedbed at the end of 
the first wet season. However, in 2- and 3-year-old pastures the 
production of Seca always exceeded that of Verano by 0.3 to 4.2 t 
ha-‘; the difference being least in the cultivated plots and greatest 
in the herbicide treatment. Plant density and legume yield were 
highly correlated (P c 0.01) explaining 85% of variation in 
Verano yield and 77% for Seca. At the end of the third year, the 
effects of seedbed on legume production were still evident: yield 
of both stylos was still lowest in the cultivated plots and highest 
in the disked (Verano) or herbicide (Seca) seedbeds (Fig. 2). 

Other species: A significant interaction (P c 0.01) occurred 
between legume species, seedbed preparation, and time. Higher 
yields (P c 0.05) of endemic grasses and forbs were measured in 
the disked and cultivated treatments where the soil was disturbed 
(Table 3), and lower yields where legume production exceeded 2 
t ha-’ for Verano and 3 t ha-’ for Seca (Fig. 2) which occurred in 
2- or 3-year-old swards on some seedbeds. Regression analysis 
showed that yield of both legumes accounted for > 55% of the 
variability in production of companion species. By 1983, other 
species accounted for < 10% of Seca-based pastures whereas for 
Verano pastures grass and forbs made up > 25% of the total yield. 

n Legume 0 Other species 

Control Herbicide Disked Cultivated Control Herbicide Disked Cultivated 

Sowing method year-l 
Fii. 2. Establishment (plants m-3 and production (kg DM/ha) for Verano and Seca sty10 broadcast on differently prepared seedbeds on sandy 

soil at Gaopoling Farm, 1981-1983 (Experiment 2). Numbers above histogams are densities (plants m”, of verano measured in September 
each year. Densities followed by the same letter are not significantly diierent at P < 0.05 between years within seedbed types. Asterisk indi- 
cate sign&ant differences at P < 0.05 in legume or “other species” production between years within seedbed types. 
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Total yield: Total yield was highest where herbicide and disk- The herbicide seedbed produced the most vigorous Verano 
ing were used to check native pasture growth prior to broadcast- swards. This was not due to higher establishment year produc- 
ing legume seed, and lowest on the cultivated seedbed (Table 3). tion, but to superior Verano yield in subsequent years. In 2-year- 
Seca-based pastures produced twice the forage output of Verano- old swards, Verano yield was higher (P < 0.05) than the disked 
based pastures. In general, total production increased over time seedbed at the lower P rates, and at all P rates in 3-year-old pas- 
with yield of 3-year-old pastures exceeding (P < 0.05) that of l- tures. Further, Verano production on the herbicide seedbed did 
year-old pastures for both legumes (Fig. 2). This was due in all not decline significantly in the third year as was the case in the 
instances to the performance of the sown legume. other seedbed types (Fig. 3). 

Experiment 3 
Establishment 

Seedbed type and time both had a large effect (P < 0.01) on 
Verano density. Overall herbicide and disked treatments pro- 
duced 50% more plant m-* than the heavily grazed or burnt plots 
(8.2 vs 5.2). The effect of seedbed was greatest in the establish- 
ment year with Verano populations in the 2 best treatments being 
3 times as dense as the heavily grazed or burnt plots (Fig. 3). 
Although Verano density increased exponentially with time in all 
treatments, the effect of seedbed type remained with the herbicide 
treatment still having the highest (P < 0.05) legume population in 
1983 (Fig. 3). Fertilizer rate did not affect legume density. 

Production 
Legumes: Seedbed preparation, fertilizer rate, and age of pas- 

ture all significantly affected (P < 0.05) legume production 
(Table 4). Verano yield in the heavily grazed seedbed (control) 
was much lower (P < 0.05) than in other seedbed types. Plants 
were small and spindly in the PO and P7 fertilizer treatments, and 
Verano production only exceeded 0.75 t ha-’ at the highest fertil- 
izer rate in 1983 (Fig. 3). 

Burning prior to broadcasting seed improved Verano yield over 
the control, especially when combined with fertilizer (P28) which 
resulted in a three-fold increase in the production of Verano in 
the establishment year (Fig. 3). However, by 1983 Verano yields 
were similar on control and burnt seedbeds at any fertilizer level. 

Establishment year production of Verano on disked seedbeds 
was not significantly different from that measured on the burnt 
seedbed at any fertilizer level. However, in the second year, 
Verano response on disked seedbeds was twice that of the burnt 
seedbed at equivalent P input, but this difference was only sus- 
tained at the highest P rate in 3-year-old swards (Fig. 3). 

Table 4. Means for main effects of production for Vemno stylo sown on 4 
aeedheds on sandy soil with 4 rates of superphosphate at Gaopoling 
Form, 1981-1983 (Experiment 3). 

Main Parameter _ 
Effect Comparison Legume’ Other spp Total 

_________ (tDM&) _________ 
Seedbed Heavily grazed 0.21d 1.65b 1.861~ 

Herbicide 1.65a 0.56d 2.21b 
Disked 1.12b 1.36c 2.48ab 
Burnt 0.7oc 1.97a 2.67a 

Fertilizer PO 0.53d 1.23a 1.76d 
PI 0.76c lAOa 2.16c 
P14 1.04b l&a 2.48b 
p28 1.34a 1.45a 2.79a 

Year 1981 O&C 1.06b 1.52c 
1982 lAOa 1.53a 2.93a 
1983 0.9Ob 1.56a 2.46b 

Main effects memu within parameters followed by the same letter are not significantly 
different at P < 0.05. 

Other species: Seedbed type and time significantly affected 
production of companion grasses (about 90% of “other species” 
category) and forbs (lo%), but these endemic species did not 
respond to P fertilizer. Herbicide application reduced the yield of 
other species to less than half that of the heavily grazed seedbed 
with the effect extending into the third seasons (Fig. 3). Disking 
also reduced the growth of companion species in the establish- 
ment year, but the effect was lost in 2-year-old swards. In con- 
trast, burning tended to increase the yield of the native species in 
2- and 3-year-old pastures, although this only reached signifi- 
cance in 1983 at the higher rates of P. 

Total yield: Total yield was lowest on the heavily grazed 
seedbed (control) and highest on the disked and burnt treatments 
(Table 4). Fertilizer application increased total yield on average 
by about 1 t DM ha-‘. Unlike in Experiment 2, total yield was 
higher in 1982 than 1983 (Table 4). This was due to a decline in 
Verano production in 3-year-old pastures, especially on the 
disked seedbed where total yield declined by 1.5 and 2 t DM ha-’ 
between years (Fig. 3). 

Discussion and Management Implications 

Based on research conducted in northern Australia, broadcast- 
ing seed of new species into existing stands of native pasture has 
become a popular and cost-effective means of improving produc- 
tion from tropical rangelands throughout the world. To perform 
this role, pasture species must be easy to establish, persistent, and 
have the ability to compete with native species against tack- 
ground constraints of low soil fertility, regular drought, variable 
grazing pressure and periodic fire (Miller and Stockwell 1991). 

Seedbed preparation is a critical factor which influences the 
speed and success of establishment and subsequent production of 
oversown grasses and legumes. Sowing methods developed in 
Australia for establishing pasture species in tropical rangelands 
provide a range of conditions mainly through differences in soil 
and vegetation disturbance to optimise soil-seed contact and/or 
minimise competition from existing vegetation (Cook et al. 1993b). 

This series of experiments has highlighted the effects of differ- 
ent seedbed types ranging from complete removal of existing pas- 
ture by multiple cultivations to a simple heavy grazing prior to 
broadcasting seed on the performance of selected grasses and 
legumes in the dry tropical (annual rainfall < 1,010 mm) environ- 
ment of western Hainan Island. 

Effects of Seedbed Type on Legume Establishment 
Heavily grazed seedbed 

All 3 experiments demonstrated that in the rainfall conditions 
experienced, Stylosanthes species will establish on sandy and red 
loam soils by broadcasting seed and superphosphate into grass 
dominated rangeland where heavy grazing was the only source of 
pre-sowing disturbance. However, the result achieved varied with 
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: Control 

4 I 

n Legume u Other species 

1 Disked 

t 
9ab 
n 

Bab 

0 7 14 28 

Fertilizer rate (kg P ha-l) 

Fig. 3. Establishment (phu~ts m”, and production (t DM ha-l) for Verano sty10 broadcast on differently prepared seedbeds on sandy soil 
using different rate of P fertiir at Gaopoling Farmf 1981-1983 (Experiment 3). Numbers above histograms are densities (plants m-3 of 
verano measured in September each year. Densities followed by the same letter are not significantly diierent at P ~0.05 in legume or Yother 
species? production between years witbin fertilizer treatments and seedbed types. 

the native grass species present, the post-planting management 
imposed, and the legume species sown. 

For example, different responses were observed in 3-year-old 
swards of Verano sty10 established by broadcasting seed into pre- 
grazed pasture with higher production in Experiment 2 compared 
with Experiments 1 and 3. This was due to differences in the 
native species present on these sites and management of the 
experiments. The sites for Experiments 1 and 2 were dominated 
by stoloniferous grasses (e.g. Cynodon dactylon) with only a few 
taller bunch grasses present, whereas Experiment 3 was dominat- 
ed by tall grasses, especially Imperata cylindrica and 
Heteropogon contortus. Like Townsville sty10 (S. humilis 
H.B.K.), Verano stylo is sensitive to inadequate light, and in 
Experiment 3, these tall grasses shaded Verano seedlings which 
restricted plant development. 

To reduce shading effects and competition, Verano pastures 
should be grazed at an early stage of growth during the establish- 
ment year (Tudsri et al. 1989). The effect of this strategy was 
shown by the difference in Verano performance in Experiments 1 
and 2 where yield in 3-year-old pastures in ungrazed plots 
(Experiment 1) was only half that where swards had been under 
continuous graze throughout the wet season. Gardener (1984) 
reported that such grazing favours Verano because cattle have a 
preference for grass over legume in the growing season. 

In contrast to Verano, there was no difference in the establish- 
ment and subsequent production of Seca stylo broadcast into 
existing heavily grazed pasture on sandy soil with different native 
grass composition (Experiments 1 and 2). This was unexpected as 
Seca is reported to be slow to germinate and establish (Gardner 
1978). However, once established this shrubby perennial is not 
susceptible to shading by tall grasses (Burt et al. 1983) and unless 
checked by grazing will quickly dominate the pasture as shown 
by this study and a report by Jones (1990). 

Burning 
Lie heavy grazing, burning tropical rangeland as a pre-treat- 

ment to oversowing is designed to reduce competition for light, 
but since root competition is only slightly reduced, results 
achieved with burning are equivocal (Cook et al. 1993a). 
However, our results (Experiment 3) showed that Verano sty10 
established better on burnt plots and were still more productive as 
3-year-old swards than where heavy grazing was used to reduce 
competition. Thompson et al. (1983) also reported reliable estab- 
lishment of Stylosanthes species on burnt seedbeds at 4 different 
environments in dry tropical Queensland, but they did not pro- 
vide data on subsequent production. 

Concurrent and/or post-establishment management is critical for 
development of an acceptable proportion of legume wherever low 
cost seedbeds are used. For example, higher rates of superphos- 
phate improved the legume content on burnt plots in Experiment 
3, which would have been increased still further with the imposi- 
tion of the grazing strategy outlined by Tudsri et al. (1989). 

Occurrence of wildfires can also have a significant effect on 
grass-legume balance in established pastures with fire generally 
favouring perennial grasses. The tolerance of stylos such as Seca 
to fire could enable burning to improve pasture quality by remov- 
ing aged woody growth and dead grass. However, the response of 
stylos to a wildfire that burnt the loam site in 1983 (Experiment 
1) indicate that the intensity of fire may affect the outcome. In 
this study, the recovery of Seca was much lower than that report- 
ed by Michalk et al. (1993a) for an adjacent legume evaluation 
study. Although the reason for this is uncertain, we suggest that 
the fire was hotter in the seedbed trial site due to the combined 
bulk of the legumes and the considerable scrub cover (not includ- 
ed in yield assessment) which was present in the uncultivated 
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seedbeds. Gardner (1980) showed that even for Seca (the most 
fire tolerant sty10 cultivar) severe tires killed more than 70% of 
existing plants. Unlike Graham stylo which quickly re-estab- 
lished from soil seed reserves softened by the August fire to pro- 
duce up to 4 t ha-’ by November, low seed reserves and slow 
seedling growth meant that Seca yield (< 1 t ha-‘) over the same 
period came from the few surviving plants. These observations 
support the recommendation of sowing mixtures of Seca with 
either Graham or Verano (Michalk et al. 1993a) to complement 
one another in situations where fire or disease may occur. 

Rough disked seedbed 
Rough seedbeds are formed by 1 pass of a disk or tyne imple- 

ment with the aim of partially disturbing the existing pasture to 
facilitate establishment of sown species (Cook et al. 1993b). 
Usually less than 70% of the existing pasture is destroyed by a 
single disking (Lowe and Bowdler 1991) which leaves too much 
competition for reliable establishment in some environments, 
especially in years of below average rainfall (Cook et al. 1993a). 

However, broadcasting seed and fertilizer on a roughly disked 
seedbed (Experiments 2 and 3) proved to be an effective means 
of establishing Seca and Verano stylos even though the studies 
were late sown and the rainfall below average. Shelton and 
Wilaipon (1984) also achieved good establishment by broadcast- 
ing Verano into a rough seedbed with subsequent production 
exceeding that of non-cultivated areas by up to 3.5 t ha-‘. Better 
moisture regimes or less competitive grasses may explain these 
results. McIvor and Gardner (1985) reported that a similar situa- 
tion exists in the dry tropics of northern Queensland. 

Use of herbicides 
Herbicides provide a convenient way to suppress competing 

plants when surface sowing is undertaken. Translocated herbi- 
cides such as glyphosate applied at low rates suppress a wide 
range of peremial grasses. In Experiments 2 and 3, glyphosate 
retarded existing vegetation sufficiently for stylos to establish and 
produce the highest first year yield of all the seedbed types tested. 
Effects of herbicide application were still evident after 3 years in 
Experiment 3 with Verano accounting for by > 80% of total yield 
when combined with superphosphate application. 

Removal of a large proportion of the green and dead native for- 
age by heavy grazing with cattle prior to herbicide application 
maximized the chance of seed-soil contact in our studies as well 
as enhancing herbicide to green leaf contact. Failure to remove 
top growth will reduce germination and establishment of intro- 
duced species. For example, Keya et al. (1972) obtained success- 
ful establishment of Desmodium uncinatum (Jacq.) DC, after 
spraying Hyparrhenia grassland, but heavy litter buildup tended 
to trap seed and smother developing seedlings. McIvor and 
Gardener (1981) also reported that the failure to remove the large 
amount of herbage prior to spraying with glyphosate also reduced 
germination of sown grasses. 

Cultivated seedbed 
Drilling seed into well-prepared soil at the optimum depth for 

the pasture species being sown provides the best conditions for 
germination and seedling emergence through optimizing soil- 
seed contact (Cook et al. 1993b). However, depth of sowing can 
be a problem with small seeded species planted into a fine tilth 

cultivated seedbed. Burial of sty10 seed too deeply in the drill fur- 
row depressions by trailing harrows in Experiment 2 resulted in 
lower density of Verano and Seca compared to Experiment 1 
where sty10 seed was surface broadcast and lightly raked. 

Cheap mechanical aids that can be fitted to combine drills have 
been developed to place seed at a consistent shallow 5 to lo-mm 
depth (Butt 1988). Such options are likely to be highly cost effec- 
tive as failure of seed to emerge is a common problem of grasses 
and legumes being sown too deeply (Cook et al. 1993b). 
Alternatively, seed can be dropped onto the surface so that seeds 
lodge in depressions and crevices with only minimal coverage as 
was achieved in Experiment 1. 

However, while combine drills and associated equipment may 
be used on large commercial ranches (e.g. ex-state farms like 
Gaopoling Farm), cultivation using ox drawn plows and hand 
broadcasting are the means available for improving small hold- 
ings in southern China. For medium size areas, small tractors (c 
50 h.p) with l-way disk plows to produce rough seedbeds are 
readily available. 

The negative effect of the cultivated seedbed was still evident 
in 3-year-old swards with production of Verano and Seca still 
significantly lower than where other seedbed preparation were 
used. However, competition from native species is the most likely 
cause of lower plant densities in 1982 and 1983 measured on the 
prepared seedbed. 

Effects of Seedbed Preparation on Grasses Establishment 
Unlike legumes, the reliability of using minimum seedbed 

preparation to establish grasses is low. Grass establishment in 
Experiment 1 was only successful with maximum disturbance of 
the existing pasture. This agreed with results reported by Cook 
(1984) and Low and Bowdler (1991), although McIvor and 
Gardener (1981) reported that sabi grass and rhodes grass 
(Chloris gayana Kunth.) established when broadcast into a native 
pasture pre-treated with herbicide. Because of the poor success 
rate reported at the time for grass establishment on herbicide 
seedbeds, the role of glyphosate in establishing grasses was not 
examined in our studies. 

The failure of buffel and sabi to establish and be productive 
even with good seedbed preparation is an indication of their intol- 
erance of low soil fertility and poor competitiveness with com- 
panion legumes and native pasture species. While the fertilizer 
applied (28 kg P ha-‘) in Experiment 1 proved sufficient to main- 
tain the legume component on the infertile sandy soil, higher P 
inputs and application of N may be required to maintain or 
improve performance of sown grasses. Other studies at 
Gaopoling Farm indicate that a doubling of the superphosphate 
rate increased buffel grass yield to 1 t ha-’ in the establishment 
year on sandy soil (D.L. Michalk, unpublished data). This has 
also been reported for S. hamata-U. mosambicensis pastures in 
northern Australia where sabi grass only became dominant with 
high applications of superphosphate (McIvor 1984). The use of 
50 kg N-‘ha-‘yi’ also improved the performance of sown grasses 
in dry tropical Hainan, especially on red loam soil (Michalk et al. 
1993b), but this was only profitable where grass response exceed- 
ed 4 t ha-’ yi’ and neither buffel grass or sabi grass responded to 
this level. 
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Recommendation and Conclusions 

We recommend that range improvement on sandy soils in the 
dry tropics of H&an Island be based mainly on styles broadcast 
with small amounts of fertilizer into the natural grasslands after 
competition is reduced by heavily grazing, burning, or rough disk- 
ing. Of these seedbeds, sty10 establishment is most reliable when 
rough diskirtg is used with the effects on legume performance car- 
ried through to subsequent years. Although full productivity is not 
reached for 2-3 years, burning and heavy grazing provide useful 
low-cost means of introducing stylos into native vegetation in 
China. This suggests that irrespective of the seedbed type selected, 
the success of establishment and long-term persistence of stylos 
wih depend on the adoption of grazing practices which encourage 
seedling recruitment in subsequent years and fertilizer application 
(Michalk et al. 1997). Although herbicides greatly reduced com- 
petition which increased legume production, products such as 
glyphosate are expensive and supplies limited. 

For establishment of introduced grasses substantial disturbance 
of vegetation is required. We recommend that a rough to fine 
seedbed be used for grasses, irrespective of soil type. Since com- 
petition is the factor which most limits establishment, the effect 
of herbicides on grass establishment should be investigated. 
Where grasses are sown on a cultivated seedbed, we recommend 
that companion legumes be sown at the same time. However, 
there is no value in including introduced grasses with legumes 
oversown into native pasture on either soil type. 
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Abstract 

Wildfire in the growing season is relatively frequent and inter- 
est is increasing in using growing-season fm in management of 
tallgrass prairie. However, the influence of fue in the growing 
season on forage production and species composition, especially 
in mid-successional tallgrass prairie, is largely unknown. Our 
objective was to compare vegetation composition and production 
on Loamy Prairie and Very Shallow ecological sites in mid-suc- 
cessional stages in response tu late growing-season fire at differ- 
ent frequencies. We applied 4 burning treatments (no burn, or 1, 
2, or 3 burns iu 5 years) in the late growhtg season in southern 
Oklahoma during a series of years of above-average precipita- 
tion. The sites were dominated at the beginning of the study by 
early- and mid-successional species including prairie threeawn 
(Aristi oligantha (Michx)), a species indicating a disturbance 
history. After the initial burns in 1990, tallgrasses, little 
bluestem, and perennial grasses were reduced by burning on the 
Loamy site. Forbs were more productive on burned plots (1,9&t 
kg ha-‘) than on plots that were not burned (1,290 kg ha”) aver- 
aged across sites. Total production was not reduced by burning 
in 1990. Growing-season burns in 2 consecutive years had little 
influence on species composition or production as compared to a 
single burn ht 2 years. Warm-season perennial grasses other than 
tallgrasses and little bluestem increased on the Loamy site, but 
decreased on the Shallow site. Production of cool-season perenui- 
al grasses increased to almost 49% of total production on twice- 
burned plots averaged across sites. Other than the effect on cool- 
season perennial grasses, 2 burns over a two-year period bad lit- 
tle effect beyond the fmt growing season after the second bum. 
Twice-burned plots and plots burned 3 times produced more 
forbs than either plots that were burned once or not burned. 
Production of perennial grasses was opposite that of forb pro- 
duction. Total production was not reduced on either site regard- 
less of fw frequency. Results indicate managers may expect a 
short-term reduction in production of forage grasses and an 
increase in forbs following late growing-season fire in mid-suc- 
cessional Mlgrass prairies, 

Key words: Burn season, fire ecology, fm frequency, succession, 
old-field succession, resturation 
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Tallgrass prairies provide nutritious forage for livestock and 
critical habitat for wildlife in the central Great Plains. Prescribed 
dormant-season fire is an effective management practice for 
improving habitat for both wild and domestic animals 
(Launchbaugh and Owensby 1978, Wright and Bailey 1982). 
Wildfires, however, can occur at almost any season throughout 
the tallgrass prairie (Bragg 1982), potentially reducing forage 
production and causing undesirable changes in species composi- 
tion (Launchbaugh and Owensby 1978). The observation by 
Komarek (1965) that much of what is known about the ecological 
effects of fire is based on dormant-season fires remains largely 
true today. Yet, prescribed fire applied in the growing season in 
tallgrass prairie is beginning to receive attention in restoration 
management (Howe 1994a) and brush control (Engle and St&&e 
1991). 

The knowledge base on fire effects in tallgrass prairie in the 
central Great Plains has been gathered largely from studies in late 
successional prairies and prairies never subjected to cultivation. 
Knowledge gained from fire research in grasslands that were 
never cropped may not be entirely relevant to revegetated aban- 
doned fields. Over one-half million ha of land was abandoned by 
1930 in Oklahoma alone (Blackwell 1930) and doubtless millions 
of ha more tallgrass prairie and cross timbers of Kansas and 
Oklahoma were cultivated and subsequently abandoned after the 
droughts of the 1930’s and 1950’s. Many of these lands were 
allowed to revegetate naturally and continue to remain in mid- 
successional stages dominated by forbs, annual grasses, and vari- 
ous perennial bunchgrasses including little bluestem 
(Schizachyrium scoparium (Michx.) Nash) (Booth 1941). 
Disturbance from heavy grazing and burning may have delayed 
succession of these old fields (Booth 1941, Risser et al. 1981, p. 
439), but the terminal stage of succession may take centuries to 
obtain (Glenn-Lewin 1980). Except for early studies on reseeding 
abandoned cropland (e.g., Savage 1939) and research on the suc- 
cessional dynamics of old fields (e.g., Collins and Adams 1983), 
research on management of naturally revegetated prairies is 
largely lacking. Thus, our objective was to compare the forage 
composition and production of mid-successional prairie sites fol- 
lowing growing-season fire at different frequencies. 

Materials and Methods 

The experiment was conducted at the Samuel Roberts Noble 
Foundation, Inc. D. Joyce Coffey Ranch in Love County, 
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Oklahoma, on 2 upland ecological sites (Loamy Prairie and Very 
Shallow). The Loamy Prairie (Loamy) is a Labette loam with a 
depth of about 1.2 m; the Very Shallow (Shallow) is a Tarrant 
loam with hard limestone at a depth of 5 to 25 cm with stones 
present on the surface (USDA-SCS 1966). Potential vegetation of 
the Loamy site is dominated by little bluestem, big bluestem 
(Andropogon gerardii Vitman), indiangrass (Sorghastrum nutans 
(L.) Nash), and switchgrass (Panicurn virgatum (L.)). Potential 
vegetation of the Shallow site is dominated by hairy grama 
(Bouteloua hirsuta Lag.), tall grama (B. pectinata Featherly), 
Texas grama (B. rigidiseta Steud.), and sideoats grama (B. cur- 
tipendula (Mkhx.) Torr.). The sites were dominated in 1990 by 
early- and mid-successional species including prairie threeawn 
(Aristiak oligantha (M&x)), a species indicative of a disturbance 
history of heavy livestock grazing or cropping followed by aban- 
donment (Booth 1941, Rice 1968). We are uncertain about the 
history of land use on the study area, but because tallgrasses and 
other late seral species are absent, the Loamy Prairie was likely 
cultivated. The Very Shallow was not likely cultivated because of 
shallow, rocky soils. We are also uncertain about the dates of 
abandonment. Because forage utilization on the area was severe 
in 1987, we believe the stocking rates before 1987 were exces- 
sive. Grazing was excluded from the study sites beginning in 
1990 and for the duration of the study. 

We used a completely randomized design of 3 replications with 
4 treatments (0, 1, 2, or 3 bums) assigned to 10 X 20-m plots 
located on each of the ecological sites. Replications were located 
within about 2.5 km of each other. We applied burning treatments 
in the late growing season from 1990 to 1993 (Table 1). Plots 
were ignited as head&es with a drip torch at plot boundaries with 
the long axis oriented parallel with the prevairmg wind. 

Late summer and early fall in this region can be accompanied 
by high winds, high air temperature, low relative humidity, and 
low dead fuel moisture. When these conditions are combined 
with low live fuel moisture, fire spread is possible. These condi- 
tions occurred in 1990 and to a lesser extent in 1991 and 1993 
(Table 2). Fuel and weather conditions were unsuitable for fire 
propagation in 1992. Precipitation was recorded from a weather 
station in Marietta, Okla., located 9 km east of the study area 
(Table 3). 

Fuel load was estimated by clipping herbaceous vegetation 
from 5 quadrats (0.5 X 0.5 m) per plot. Fuel moisture, expressed 
on a dry-weight basis, was determined after samples were oven 

Table 1. Dates of burning treatments applied in a study in mid-suc- 
cessional tallgmw prairies in south-central Oklahoma. 

4ands 
Treatment date 

Fzgency lzl 
3oct 9 Aug 
1991 1992 1993 

0 
3 X X 
2 X 
1 X 

X = Treatment burned in this year. 

X 
X 

dried at 70°C for 72 hours. Ambient air temperature and relative 
humidity were measured with a sling psychrometer. Wind speed 
2 m above the soil surface was measured with a totalizing 
anemometer. 

Rate of fire spread (m s’) was measured with a stopwatch 
along a 5-m run of the fire marked with metal stakes placed in the 
center of each burn plot. Head&e behavior could not be mea- 
sured on 2 Shallow plots in 1991 because inadequate fire spread 
required the plots be burned with strip headfires. Behavior obser- 
vation of the headfiie was omitted inadvertently on 1 Shallow 
plot in 1990. Fireline intensity (kW rn-‘) (Byram 1959) was com- 
puted as the product of the fuel load heat of combustion (kJ kg-‘) 
for similar tallgrass prairie fuels (Bidwell and Engle 1991) adjust- 
ed for moisture content of the fuel and heat of vaporization, rate 
of spread, and fuel load. Heat per unit area &J kgw2) was calculat- 
ed as the quotient of fireline intensity and rate of spread 
(Rothermel and Deeming 1980). 

We measured treatment effects on forage production in July or 
August of each year by clipping herbage to ground level in three, 
0.2 X 0.5-m quadrats per treatment plot and separating current 
year’s growth from litter and mulch. Current year’s growth was 
further separated into little bluestem, tallgrasses (big bluestem, 
indiangrass, and switchgrass), cool-season perennial grasses (pri- 
marily Texas wintergrass (Stipa leucotricha Trin. & Rupr.) and 
scribner panicum (Dichanthelium oligosanthes (Schult.) Gould)), 
other warm-season perennial grasses (primarily Bouteloua spp. 
and Sporobolus spp.), annual grasses (primarily prairie threeawn 
and annual brome (Bromus spp.)), and forbs. Quadrat placement 
during sampling in subsequent harvest years was restricted to 
avoid areas sampled in previous years. 

Table 2. Weather and fuel conditions associated with burning treatments in mid-successional ta&rass prairies in soutkentral Oklahomaa 

Bum Relative Fuel Fuel 
YC.V Site frequency Air temp humidity Win&peed moisture load 

(“C) (96) 
1990 

(%I 
Loam 3 36-37 2WO c”p”9h-” 22-35 O:E-;i 

2 33-37 29-45 1-12 28-36 0:67-0:76 
1 33-37 29-42 o-6 3142 OH-O.71 

shallow ; 35-38 39-44 3-9 27-39 0.44-0.64 
33-38 2945 2-7 19-35 0.57-0.64 

1 36-38 29-34 1-12 24-33 0.46-0.64 

1991 LQam 3 29-31 45-52 lo-14 130-111 0.40-0.43 
Shallow 3 27-3 1 37-60 7-14 112-144 0.26-0.34 

1993 Loam 3 32-37 46-63 8-10 45-69 0.57-0.64 
2 31-37 44-63 8-11 33-59 0.82-0.93 

Shallow 3 34-37 4146 4-11 27-53 0.49-0.58 
2 33-37 42-50 3-6 3342 OS-O.70 

“Data represent extreme UleasurementS of 3 replications. 
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Average 
Month 1990 1991 1992 1993 1994 1995 (1975-1995) 

--------------------(cm)-------------------- 

Jan. 9.1 6.8 7.9 5.3 2.8 5.8 4.5 
Feb: 7.9 2.8 4.9 9.5 7.4 0.1 5.9 
March 23.6 9.5 4.6 6.7 7.3 12.2 9.5 
April 34.8 5.2 4.1 8.2 14.5 11.4 8.6 
May 14.9 10.3 14.5 21.7 17.4 21.4 15.0 
JUne 13.5 17.6 17.4 12.8 4.6 9.8 10.8 
Jllly 8.3 2.6 12.4 0.0 17.5 6.7 5.8 
Aug. 4.9 6.5 1.8 10.1 2.8 7.1 5.4 
Sept. 9.6 21.5 8.4 17.1 16.8 9.8 
Oct. 7.4 20.0 0.6 17.2 14.7 10.9 
Nov. 12.4 6.3 9.5 37.1 13.5 6.2 
Dec. 4.1 19.5 12.8 6.9 7.2 6.3 
Total 160.5 128.6 90.0 119.2 126.5 98.1 

Analysis of variance applied to the 1991, 1992, and 1993 clip 
ping data was conducted by year, with each year having a unique 
set of treatments. Main effects were burn treatment and site. Burn 
treatments for the 1991 clipping data were pooled because only 1 
burn treatment had been applied in 1990 to all the burn plots. 
Thus, analysis of the 1991 clipping data tested for a difference 
between 2 treatments (i.e., burned or not burned). The 1 and 2 
bum-frequency treatments were pooled for the 1992 and 1993 
clipping data, which resulted in a test of 3 burn treatments (i.e., 
not burned, burned once, and burned twice). The 1994 and 1995 
data were analyzed as a split-plot in time with years of measure- 
ment serving as sub plots and site (Loamy or Shallow) and bum 
treatment (0, 1, 2, or 3 burns) serving as main plots. Means for 
burn treatments and interactions were separated by a Fishers pro- 
tected LSD at P c 0.10. 

Results and Discussion 

Fuel load was heavy in each of the bums (Table 2). Above 
average precipitation late in the 1991 growing season (Table 3) 
resulted in high fuel moisture, which delayed burning in the 1991 
growing season compared to other years. Burning conditions 
resulted in high intensity tires in 1990 and 1993 and lower inten- 
sity fires in 1991 gable 4). Monthly and vegetation-year precipi- 
tation (November to August) were above average each year of the 
study period (Table 3). 

Effects of One Burn 
Production of several vegetation components the growing sea- 

son after the 1990 burns was affected by burning (Table 5). The 
most significant response to the 1990 burns was on the Loamy 
site where production of tallgrasses, little bluestem, and perennial 
grasses was reduced by burning. Production of no vegetation 
component was reduced by burning on the Shallow site. Forbs 
produced more on burn plots (1,980 kg ha-‘) than on plots not 
burned (1,290 kg ha-‘) averaged over sites. Growing-season fires 
in late successional tallgrass prairies resulted in similar increases 
in forbs, but grazing history (i.e., moderate grazing or no grazing) 
influenced the response (Ewing and Engle 1988, Engle et al. 
1993). Production of forbs was negatively correlated with pro- 

Table 4. Behavior of fires associated with burning treatments in mid-suc- 
eessionai taagnm prairie3 in soU~~Iltrp1 Okhhoma.~ 

YCZU 

1990 

1991 

1993 

BUII Fiilinc. Heatperunitatra 
Site frequency intensity 

(kW mm’) &J m”) 
Loam 3 2,844 (1,151) 10,535 (808) 

2 2,592 (757) 10,746 (432) 
1 2,793 (1,332) 10,213 (363) 

Shallow 3 2,159 (247) 8,123 
2b 

(1446) 
3,920 (2,484) 9,039 (494) 

1 2,807 (249) 7,365 (339) 

Loam 3 266 (50) 5,414 (273) 
Shallow 3c 313 (0) 4,471 (0) 

Loam 3 894 (243) 8,748 (411) 
2 1,582 (210) 12,855 (400) 

Shallow 3 1,172 (216) 8,110 (336) 
2 1,739 (276) 9,600 (856) 

duction of grasses in late successional tallgrass prairies in the 
Kansas Flint Hills (Briggs and Knapp 1995). and the earlier the 
burn in the dormant-season in the Kansas Flint His, the greater 
the increase in early and mid-successional species including forbs 
(Towne and Owensby 1984). Matrix tallgrass prairie species (i.e., 
the tallgrasses and little bluestem) contributed minor amounts to 
community production in this study. Mid-successional species 
including Texas wintergrass and warm-season midgrasses appear 
competitive with forbs after fire disturbance in this grassland. 

Because of their growth habit and competitive ability, tallgrass- 
es are more tolerant of fire than are little bluestem and other 
bunchgrasses (Svejcar and Christiansen 1986, Collins 1987, 
Ewing and Engle 1988, Mitchell et al. 1996). Indeed, tallgrasses 
as a group are resistant even to fires within their active growth 
period (Adams et al. 1982, Ewing and Engle 1988, Engle et al. 
1993). Indiangrass, the first tallgrass species to invade abandoned 
cropland, was the primary tallgrass occupying the Loamy site in 
our study, and may explain the reduction of tallgrasses following 
tire in our study. Indiangrass, which overwinters tillers produced 
on biennial rhizomes (McKendrick et al. 1975), may be less resis- 
tant than either switchgrass or big bluestem to burning in the late 
growing season. 

Early dormant-season burns leave soil exposed before the onset 
of the following growing season, thereby increasing runoff and 
evaporative losses and decreasing total herbage production 
(Anderson 1965, McMurphy and Anderson 1965, Towne and 
Chvensby 1984, Mitchell et al. 1996). Svejcar (1990) found that 
soil moisture did not limit production on burned plots in a wet 
year. Thus, above-average precipitation may explain why burning 
did not reduce total production in 1991 (3,330 and 3,270 kg ha-’ 
on the unburned and burned plots, respectively, averaged across 
sites). In 2 studies of late growing-season fires in late succession- 
al tallgrass prairie in northern Oklahoma, total production was 
not reduced the year following burning (Ewing and Engle 1988) 
or total production was reduced less than 600 kg ha-’ the year fol- 
lowing burning (Engle et al. 1993). It is possible that burning 
interacts with other management inputs, such as grazing manage- 
ment or time since last bum, to determine availability and use of 
resources other than soil water (Seastedt et al. 1991, Briggs and 
Knapp 1995). 
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Table 5. Production (kg ha-‘) of herbage components July 30,1!??1 following a single growing-season buru in 1990 in mid-successional hUgrass 
prairie3 in soutb centnd okhboma*. 

Site 
Blttll 

treaimentb TGc LB CSP OFG AG FOIIJS Pci Total 

LoamyPrairie 

OSL 
BIUd 

Very Shallow 

OSL 
BIKII 

OSLC 

BlUU 

Site X Burn 

No bum 
-42a---_-_-_-loo -----____ 9;. ___-__-__ --@-‘kg”“’ -170 ----_--__ ;-~ ______-_ ;;90 _-___ 4ooo- 

BUbK!d 0 0 660 450 60 1:960 1:110 3:130 

0.08 0.04 0.01 

No bum 0 0 530 860 140 1,130 1,390 2,670 
BlUIled 10 0 440 630 130 2,010 1,080 3,210 

0.59 - 0.43 

0.08 0.03 0.29 0.28 0.26 0.07 0.01 0.72 

0.06 0.03 0.56 0.72 0.43 0.62 0.10 0.13 

%temcfion means pnscntad for clarity of interpretation. 
b~=3 for not burned and n=9 for bumed. 
“rc is td@~ses; L.B is little. bloestcm: CSP is cool-season perennial grasses (charily scribner pa&um a& Texas wimqpss); OpG b & wm-season -o&l -; AG is 
anmd grasses @rimarily prairie tbreeawn and ammal brome); PG is sum of perennial psses; Total is total production of correot year’s growth. 
%bsnved ~igOiii= kvel Within B site for the bum effect wbcn the interwho (Site X Bum) et&x$ is si@icant (p < 0.10). 
eOSL=obscrvcd significance level (P < 0.10) over burn ttratments and sites. 

Our data and data from other studies (Ewing and Engle 1988, 
Engle et al. 1993) indicate burniug in the late growing season in 
the tallgrass prairie has little apparent infhtence on total commu- 
nity production in years of normal or above-normal precipitation 
in either mid- or late successional tallgrass prairies. Dormant-sea- 
son burning removes excessive litter accumulation and can 
increase herbage production (Hulbert 1969, Knapp and Seastedt 
1986, Hulbert 1988). Litter amounts were 3,680 and 3,160 kg ha-t 
on unburned Loamy and Shallow sites, respectively by 1991. 
Variation in litter on unburned sites is related to previous year’s 
precipitation, and appears to reach stability earlier on sites with 

shallow soils than on sites with deep soils (Abrams et al. 1986). 
Burning may have reduced total production, especially on the 
Shallow site, had this study been conducted within a dry period 
or following another management scenario that resulted in 
reduced litter accumulation. 

Effects of Multiple Burns 
Two bums in 2 years appeared to have little influence on 

amount or composition of forage production as compared to a 
single bum. Little bluestem had begun to grow vigorously in 
widely scattered bunches on plots that were not burned. Hence, 

Table 6. Production (kg ha-‘) of be&age components August 18,1992 fohviog growiug-season burns in mid-successional Mgrass prairies in south 
central 0klah0ma’. 

Site 
BUIII 

freqnency TGb LB CSP OFG AG Forbs FG Total 
---------- -------- --------- -------- 7 --__-__-___________________ 

Loamy prairie No bum” --b 4;60 ’ 930 6oo-(kg/ha) 
Oned 

-loo WXJ 5,690 7,190 
0 10 480 1,490 230 WO 1,980 3,860 

Two= 0 30 1,200 680 30 1,440 1,910 3,390 

OSL 0.07 
BUIU” 

~DO.10 890 

Very Shallow No bum 0 0 640 1,660 340 980 2,300 3,620 
One 0 10 660 690 660 980 1,360 3mO 
TWO 0 0 520 410 790 1,470 800 930 

OSL 0.02 
BlUd 

L=O.lO 730 

OSL’ 
BUllI - 0.21 0.39 0.11 0.61 0.82 0.10 0.11 
Site X Burn - 0.21 0.19 0.01 0.62 0.66 0.47 0.28 

zltemction means prese@d for clarity of iote.rPHation. 
%3 is tallgrasses; LB is little bloestem; CSP is cool-season pcreonial grasses (primarily scribner panicom and Texas wioterpss); OPG is other wat~~-seasoo pemnnial grasses; AG is 
annual grasses (primady prairie. tbreeawn and annual bnxne); PG is sum of percnnhl gmsscs; Total is total pmduction of current year’s growth. 
p3 

IF6 
eObsened signifscancc level within a site for the burn effect when the interaction (Site X Bum) effect is signficant (P < 0.10). 
fOSL=obscwed significance level over bum treatments and sites. 
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variation in little bluestem, and therefore total production, was 
high on the Loamy site (Table 6). Production of other perennial 
grasses (OPG) increased on the Loamy site following 1 burn but 
not 2 burns. The OPG species decreased on the Shallow site fol- 
lowing 1 and 2 burns. The OPG species on the Loamy site were 
primarily warm-season mid-grasses including species of dropseed 
(Sporobolus spp.) and grama (Bouteloua spp.). Species that 
accounted for the decrease in OPG species on the Shallow site 
included several species of grama, which are bunchgrasses. The 
bunchgrass growth form is especially sensitive to fire when accu- 
mulated herbage within the bunch causes meristematic tissue 
damage (Wright 1971). 

Cool-season species respond variably to late growing-season 
fire in late-seral tallgrass prairie (Ewing and Engle 1988, Engle et 
al. 1993). Because the active growth period of cool-season 
species begins about the time of late growing-season fire, cool- 
season species should be favored by late growing-season fire 
(Hover and Bragg 1981, Howe 1994b). It was not until 1993, 
after 2 fires that we were able to detect a difference in production 
of cool-season perennial (CSP) grasses averaged across sites 
(Table 7). Averaged across sites, CSP grass production was 520, 
720, and 1,290 kg ha-’ on the no bum, once burned, and twice 
burned plots, respectively (LSD = 470). Production of CSP grass- 
es in 1993 on the twice-burned plots was more than double that 
of the no burn treatment plots and represented 70% of the peren- 
nial grass production and almost 40% of total production. The 
effect of burning was not carried over into following years or 
subsequent burning did not influence production of CSP (Table 
8). This may have been a result of the timing of fires within the 
late growing season, or of precipitation favorable to CSP grasses 
relative to warm-season species. 

Other than the effect on cool-season perennial (CSP) grasses, 2 
burns over a two-year period had little effect beyond the first 
growing season following the burn. We were unable to detect any 
other differences in production or composition among the burn 
treatments on either site (Table 7). The influence of late-growing 
season tires in late seral tallgrass prairie was similarly minimal in 
other studies (Engle et al. 1992, Engle et al. 1993). This leads us 
to conclude that conventional wisdom of prolonged reduction in 
forage production and prolonged changes in species composition 

following wildfire (Launchbaugh and Dwensby 1978) is not 
applicable to mid-successional tallgrass prairie in southern 
Oklahoma, at least in periods of above-average precipitation. 
Prairies contain a population reservoir of mderal species that 
occupy open soils following growing-season bums (Abrams 
1988, Ewing and Engle 1988), but the copious presence of mder- 
als is short lived after late growing-season fire. This suggests that 
the primary influence on this site is the disturbance history from 
tillage and grazing rather than burning. 

More forbs were produced in 1994 on the plots burned 3 times 
(averaged across sites) than on the unburned and once-burned 
plots, but the plots burned twice also produced more forbs (1,360, 
940, 2,250, and 2,150 kg ha-’ for the unburned, once burned, 
twice burned, and 3 times burned treatments, respectively, 
LSD=570) (Table 8). Production in 1994 of perennial grasses, 
averaged across sites, was opposite that of forb production 
(1,760, 2,180, 870, and 680 kg ha-’ for the unburned, once 
burned twice burned, and 3 times burned treatments, respective- 
ly, LSD=370). 

The negative influence of repeated burning on perennial grasses 
persisted over more years (2,640, 2,270, 1,300, and 1,700 kg ha-’ 
for the unburned, once burned, twice burned and 3 times burned 
treatments, respectively, LSD=650, averaged across sites in 1995), 
than the positive influence on forbs, which was not detected in 
1995 (Table 8). Again, total production was not influenced in 
either the year after the third burn event (i.e., 1994), nor did the 
effect persist into the second growing season (i.e., 1995) after the 
third burn (Table 8). Variation in other herbage components was 
high in both years after the third burn event, and we could not 
detect any differences in production among bum treatments. 
Forage production on these sites is dominated by bunchgrasses in 
the vegetation category other perennial grasses (OPG), which 
appears to be sensitive to repeated burning (1,390, 1,170,580, and 
630 kg ha-’ for the unburned, once burned, twice burned, and 3 
times burned treatments, respectively, averaged across sites and 
years 1994 and 1995, LSD=520). Annual grasses, primarily 
prairie threeawn and several species of cool-season grasses, which 
also increased under repeated burning (90,90,320, and 860 kg & 
’ for unburned, once burned, twice burned, and 3 times burned 
treatments, respectively, averaged across sites and years 1994 and 
1995, LSD==480), are a relatively minor component of the vegeta- 
tion that appear to require multiple disturbance events to increase. 

Table 7. Production (kg ha-‘) of herbage components August 13,193 following growing-season burns io mid-swcessionai taUgras prairies io 
south central Oklahoma’. 

Site frequency TGb LB CSP OF-G AG Forbs FG Total 
--------- ---; ;;;. ’ -------- --------- 740 &‘&gma) ____________________________________ Loamyprairie No bum’ 

Oned 

-loo 

0 0 1,470 2,680 4,240 490 
1,430 TWOC 130 1,830 1,930 3,890 0 20 

1,320 
990 

200 770 2,330 3,300 

Very Shallow No burn 0 0 390 900 290 
One 0 20 

1,010 1,290 2,590 
620 1,140 210 760 1,780 

Two 10 0 
2,740 

730 1,040 320 670 1,790 2,780 
OSL’ 

BIUII 0.21 0.21 0.09 0.40 0.46 0.14 0.88 
Site X Burn 

0.82 
0.21 0.20 0.22 0.80 0.75 0.23 0.36 0.67 

Interaction Incans pnscnted for clarity of iatcrp~tation. 
%3 is t~&rases; LB is little bluestem; CSP is cool-season pemmial grasses (primarily saibner paoicum & Texas wiotergrass); OPIJ is o&r wm-scason pcrehd grasses; AG is 
dual grassc~ @rimarily prairie thr&awn ami annual brome); PG is sum of perennial grasses; Total is toti production of current year’s prowth. 
%I=3 
*II=6 
cOS~scrvcd signifmmce level (P < 0.10) over bum treatments and sites. 
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Table 8. Production (kg ha-‘) of herbage components August 16,1994 and August 14,1995 following growingseason burn in mid+uwess lonal tall- 
grass prairie3 io south central Oklahoma’. 

Y&U 

1994 

1994 
Year 

1995 

BtUll 
Site frequencyb TG’ LB CSP OFG AG Forbs FG Total 

__ ________ _______ ___--___ ---- ------ Loamy FVairie No bum 0 620 j,, G(Jq3&) -tso-- ;620 

11340 

l-46o --_-_ ;-~- 

One 0 300 490 1,190 60 1:980 3:380 
Two 0 40 220 270 330 2,210 530 3,060 
Three 0 180 320 260 1,290 1,880 760 3,930 

Very Sballow No burn 0 130 180 1,740 40 1,100 ma 3.200 
One 0 140 570 1,670 220 530 2,380 3,130 
Two 0 0 680 540 130 2,290 1,220 3,640 
Three 0 0 550 50 1,410 2,420 600 4,430 

OSL(1994) 
BUlll 0.03 0.01 
Site X Burn 0.51 

BlUIl 

Site frqttenc y” TG’ LB CSP OFG AG Forbs PG Total 

LoamyPrairie No bum 0 1,170 390 2,110 70 1090 3.670 4.820 
One 80 0 
Two 0 0 
Three 0 20 

No bum 0 0 
One 0 610 
Two 0 0 
Tluee 0 0 

500 
210 
500 

1,360 
1,260 
1,500 

1,240 
1,630 

270 
710 

60 
520 
590 

Very ShaIIow 370 
370 
870 
680 

80 
20 

280 
130 

2,030 
2,410 
1,020 
1,300 

730 
720 

1.260 

1;930 
1,470 
2.m 
1,610 
2,610 
1,130 
1.390 

41020 
4.400 
3,630 

2,990 
3,370 
2,130 
2,780 

OSL(1995) 
BlUll 
Site X Burn 

OSLd 
BUIU 
Site X Burn 
Year X Site 
Site X Burn 

0.42 0.53 0.25 0.02 0.06 0.17 0.01 0.66 
0.42 0.53 0.02 0.46 0.96 0.21 0.27 0.60 
0.33 0.73 0.86 0.02 0.67 0.26 0.02 0.01 
0.42 0.77 0.66 0.51 0.20 0.09 0.34 0.11 

0.81 0.09 
0.12 

YearXSiteXBum 0.42 0.13 0.73 0.39 0.93 0.21 0.09 0.37 

Succession on these sites in the absence of burning or grazing 
remained in the bunchgrass stage on both sites throughout the 
study, with little change in little bluestem or tallgrasses, the dom- 
inants and key forage species of late seral tallgrass prairie. 
Burning in the growing season induced regression by increasing 
forb species and decreasing perennial grasses even on these dis- 
turbed sites, but recovery from a single burn was complete by the 
second growing season after burning (Table 7). More frequent 
burns reduced perennial grass production for at least 2 seasons 
(Table 8). Still, the disturbance influence of these fires appears 
less than conventional wisdom would suggest. Multivariate 
analysis of species cover data for these treatments substantiated 
this, indicating that tune since the study began, year (Le., precipi- 
tation), and site were more important factors influencing commu- 
nity dynamics than burning treatment (Crockett et al. 1997). 

Management Implications 

Managers may expect a short-term reduction in production of 
forage grasses and an increase in forbs following late growing- 
season fires in mid-successional tallgrass prairies. Herbicides 

such as 2,4-D [(2,4-dichloro-phenoxy)acetic acid], will reduce 
the competition of forbs in late successional prairies (Engle et al. 
l!J93), but the benefits have not been tested in prairies similar to 
those in the present study. Managers should be cautioned that 
warm-season bunchgrasses that dominate earlier seres may not 
respond as favorably to competitive release from forbs as the tall- 
grasses that dominate later seres. 

With repeated late growing-season burning, managers might 
increase the composition to cool-season perennial (CSP) grasses, 
which might be of value as winter livestock forage. Managers 
with an interest in certain wildlife species, including bobwhite 
quail (Colinus virginianus), could use late growing-season bum- 
ing to improve habitat by opening the soil surface and stimulating 
forbs. Our results indicate the increased forb production from a 
single late growing-season burn will likely be realized only the 
following year. Repeated burning, when practical, may prolong 
the benefits. 

Late-growing season burning can be used to enhance biodiver- 
sity in late successional tallgrass prairies by increasing the contri- 
bution of forbs, which dominate the floristic diversity of these 
prairies (Briggs and Knapp 1995). Crowing-season fires can be 
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used also to retard woody species invasion (Engle and Stritzke 
1991), suppress warm-season grasses, and increase species diver- 
sity in taIlgrass prairies (GIenr&ewin et aI. 1990, Howe 1994b). 
We cannot recommend late growing-season fires as a single 
means of inducing succession over a short time period to dorni- 
trance by taBgrasses and other perennial grasses in mid-succes- 
sional taIlgrass prairies similar to those in this study. Inducing 
succession of disturbed tallgrass prairies to later successional 
stages over a short time period through late growing-season bum- 
ing appears unlikely, even in a series of years of above-average 
precipitation as experienced in this study. 
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Abstract Resumen 

A grazing study was initiated in the foothi& of southwesteru 
Alberta on the rough fescue grasslands (Festuca campestris 
(Kydb.) in 1949 comparing various graxing intensities. In 1992, 
soil samples were obtained from the Ah horizon of paddocks 
grazed at 1.2 (fight), 2.4 (heavy), and 4.8 (very heavy) animal unit 
month ha-’ and from an ungra& exclosure (control). The thick- 
ness of the Ah horizon of the control averaged 22 cm while that 
of the lightly, heavily and very heavily graxed paddocks averaged 
l&12, and 8 cm, respectively. Soil color changed from 1OYK 2/l 
(black) to 1OYK 4/3 (dark brown to brown) in response to very 
heavy grazing. Grazing pressures decreased the mean-weight 
diameter of water-stable aggregates, total C and P, monosaccha- 
ride content and the galactose + mannose/xylose + arabiiose 
ratio, while it increased bulk density, p&C!aCI~, and total N. The 
loss of P must be viewed with concern. Treatment effects on most 
soil parameters were most pronounced at the two heavier grax- 
ing pressures. Particularly, the heavy grazing pressure jeopar- 
dixd the sustaiuabiity of the ecosystem by reducing fertility and 
water-holding capacity. 

En 1949 se inicid un estudio de pastoreo en praderas de 
Festuca (Festuca campestris) (Rydb.)) comparando diversas car- 
gas de pastoreo, en fas estribaciones montaiiosas de1 sudoeate de 
Alberta. En 1992, se obtuvieron muestras de suelo de1 horixonte 
Ab de los potreros que fueron pastoreados con una carga de 1.2 
(liviana), 2.4 (iitensa) y 4.8 (muy intensa) animafes por mes y 
por hectarea y de 8 corral sin pastorear (control). El espesor de1 
horixonte Ah de la parcela de control tuvo un promedio de 22 cm 
mientras que el de las parcelas de pastoreo en forma liviana, 
intensa y muy intensa promediaron 18,12 y 8 cm, respectiva- 
me&e. El color de1 suelo cambio de 1OYK 2/l (negro) a 1OYK 4/3 
(casts60 oscuro a -0) en Ia parcela httensamente pastorea- 
da La presion de1 pastoreo disminuyo el peso promedio de1 
dbknetro de 10s agregados de las aquas+stables, el total de C y P, 
el contenido de monosa&idos y la proportion de la galactosa + 
mauotsf&ilosa + arabhmsa, al mismo tiempo que increment6 la 
den&lad vohun&rica, el pHC12Ca y el total de N. Se debe de 
prestar una esmerada atencion a la p&dida de P. Los efectos de1 
tratamiento en la mayoria de 10s parametros de1 suelo fueron 
nuis evidentes en 10s 2 niveles de pastoreo mL intensivos. En 
especial, la presion de1 pastoreo m&s intensivo puso en peligro la 
sustension de1 ecosistema reduciendo la fertilidad y la capacidad 
de retener agua. 

Key Words: soil quality, stocking rates, sustainabiity, phospho- 
rus, monosaccharides, soil moisture, Ab (=Al) horizon 

The rough fescue grasslands (Festucu campestris (Rydb.) in 
western Canada are managed primarily for grazing by cattle. A 
study of the relationship of grazing intensity on the long-term 
carrying capacity of these grasslands was begun in 1949. By 1967 
(Table l), increasing grazing pressures led to a change of the 
colour of the Ah horizon from black to dark brown and of the pH 
from 5.7 to 6.2 (Johnston et al. 1971). Percent organic matter, 
percent total phosphorus and percent soil moisture decreased, 
while NaHC03-soluble phosphorus and soil temperature 
increased. Trends indicated that soil of the very heavily grazed 
paddock was being transformed to a soil characteristic of a drier 
microclimate. 

The sustainability of grazing use of the fescue grasslands may 
be assessed by change in a number of key soil indicators. Hence, 
it was opportune to re-examine the treatments, while still under 
the same grazing pressures, to follow through on the trends 
observed in 1967. This would allow a re-evaluation of some of 
the soil parameters measnred in the earlier study, but also allow a 
more in-depth evaluation of other soil quality parameters. 

The help of Bonnie Tovell and Rebecca Baldwin in carrying out the laboratory 
analyses is gratefully acknowledged. 
L&bridge Research Centrc Contribution No. 3879675. 
Meooseript accepted 25 Feb. 1997. 

Materials and Methods 

Site Description 
The study area, located in the foothills of southwestern Alberta 

80 km northwest of Lethbridge, was established in 1949 under 
the auspices of Agriculture and Agri-Food Canada, Research 
Branch. It has been described previously (Johnston 1961; 
Johnston et al. 1971; Willms et al. 1985). The topography of the 
site is undulating, varying in elevation from 1,280 to 1,420 m 
above sea level. The climate is dry subhumid with a mean annual 
precipitation of 550 mm. The soils are classified as Orthic Black 
Chemozemic (Udic Haploboroll) developed on till overlying 
sandstone (Dormaar et al. 199Oa). 

Methods 

Paddocks were stocked at rates of 1.2 (light), 2.4 (heavy), and 
4.8 (very heavy) animal unit month or AUM &I since 1949 by 
stocking 13 cows and their calves on 65, 32 and 16 ha, respec- 
tively, for 6 months from mid-May to mid-November (Wilhns et 
al. 1985). The recommended stocking rate for range in good con- 
dition in the area is 1.6 AUM ha-’ (Wroe et al. 1981). 
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Table 1. Characteristics of Ah borizon of soil thm fields grazed at 4 rates for 17 years, Stavely, 1967 (averages of 10 samples*)(modified from 
Johnston et al. 1971). 

-g 
treatment 

Light 
Moderate 
H=vY 
Very heavy 

Color 

WY) 
1oYR 20 
1oYR 3/l 
1oyR 3l2 
1oYR 3l3 

soil 
moisture 

@J) 
40a 
37ab 
31b 
242 

soil 
temperahue 

a 
13a 
15b 
15b 
17c 

(Z&j 

5.7a 
5.8a 
6.Oab 
6.2b 

OM 

(%I 
11.71a 
11.23a 
10.74a 
9.68a 

N 

(%) 
0.59a 
Oh& 
0.63a 
0.57a 

Total 
P 

(%) 
O.llla 
0.107a 
0.104a 
0.099a 

NaHC03- 
Soluble P 

(E? 
3.5a 
3.5a 
4.Oa 

*Means followed by the. same letter are not significantly diffemnt. 

Soil samples were taken on 16 April, 14 May, 24 June, and 1 
October, 1992, in the lightly, heavily, and very heavily grazed 
paddocks and in an ungrazed exlosure; however, not all analyses 
were carried out on samples taken on all these dates. Although 
Herrick and Whitford (1995) noted that spatial variability of 
many rangeland soil properties is extraordinarily high when com- 
pared with typical land under cultivation, it has been shown pre- 
viously that the exclosures established in each of the 3 grazed 
paddocks yielded similar results (Dormaar et al. 199Oa). Hence, 
the exclosure most centrally located to the 3 grazed paddocks was 
selected as the control. The Ah (=Al) soil horizons of the 3 
grazed fields and the representative exclosure were sampled in 3 
subplots. Moisture content was determined gravimetrically. The 
soils were dried and ground to pass a 0.5 mm sieve. After drying 
and grinding, the colors were rated according to the Munsell 
(1954) notation. Since the dry soil colours did not change over 
the season, the sampling data are omitted. 

To examine root mass and root distribution, samples were 
taken with a golfcup-cutter (10.4 cm diam. X 13 cm depth). The 
cores were initially soaked in pans of water and then gently 
rinsed. When the cores were saturated, they fell apart into lower 
soil with rootlets and upper soil with root mats. The depth of this 
root mat was measured. Undisturbed core samples, 55 mm diam. 
and 30 mm deep, were taken (16 April and 1 October) with a 
drophammer type sampler at 0- to 3-cm and 3- to 6-cm depths at 
each subplot. The cores were oven-dried, their mass obtained, 
and the bulk densities calculated. 

added as the internal standard. The alditol acetates were identi- 
fied with a Hewlett Packard GC 584OA equipped with a hydro- 
gen flame ionization detector and a 30-m long glass capillary col- 
umn (0.25 mm id.) wall-coated with 0’3-225 (50% cyanopropyl- 
50% methylphenylpolysiloxane) with helium as the carrier gas at 
a linear flow rate of 21 cm sec.‘. Reference alditol acetates of 
rhamuose, fucose, ribose, arabinose, xylose, allose, mannose, 
galactose, and glucose were used as standards and prepared as 
outlined by Blakeney et al. (1983). Polysaccharides are consid- 
ered to have a plant origin if they contain substantial quantities of 
arabinose and xylose and predominantly of microbial origin if 
they contain mainly galactose and matmose (Cheshire 1979). 

In this unreplicated study, the sampling error was assumed to 
represent the experimental error and analyzed as a one-way 
analysis of variance. Single degree of freedom contrasts (Steel 
and Torrie 1980) were used to test for differences between select- 
ed means. Although replicated field plot experiments are desire- 
able and useful, valid information can still be gained from early 
established, unreplicated field experiments including long-term 
grazing trials, by virtue of their antiquity (Ridley and Hedlin 
1968, Dormaar and Pittman 1980, Dormaar and Willms 1990). 

Results and Discussion 

Separate samples were obtained (16 April) for the determina- 
tion of water-stable aggregates by passing them through an 8-mm 
sieve in the field. Following air-drying, water-stable aggregates 
that had been wetted by capillarity were obtained by the wet-siev- 
ing technique using the total soil sample. The mean-weight diam- 
eter was calculated to express the aggregate data in the form of a 
single parameter (Kemper and Rosenau 1986). 

Soil pH was measured in 0,OlM CaCl2 (solution:soil ratio of 
2:l). Total C and N were determined by dry combustion in a 
Carlo Erba NA 1500 Analyser. Nitrate-nitrogen (N03--N) and 
NIla+-N were determined by KC1 extraction and steam distilla- 
tion as per Keeney and Nelson (1982). Total P was determined as 
per Na2CO3 fusion outlined by Jackson (1958). NaHCOg-soluble 
phosphorus (available P) was determined as described by Olsen 
et al. (1954). Neutral NH4OAc was used for the displacement of 
exchangeable cations (Simard 1993). 

Acid hydrolysis was carried out essentially as outlined by 
Cheshire and Mundie (1966) and Cheshire (1979) except that the 
samples were first treatedwith 12M H2SO4 for 16 hours at room 
temperature, then diluted to 0.5M H2S04 and held at 100” C for 
1 hour (Dormaar 1984). Monosaccharides were reduced and 
acetylated as described by Blakeney et al. (1983). D-allose was 

Rangeland soils present unique challenges and opportunities for 
assessing soil quality (Henick and Whitford 1995). That is, graz- 
ing activity over an extended period of time will produce trends 
of altered soil properties (Table 2), that can be studied with 
repeated sampling. This study represents the second sampling 
period 25 years after the first one (Johnston et al. 1971) on pad- 
docks having fixed stocking rates. At least some constituents 
were common which can be used to define trends. It should be 
noted that the results are only applicable for fescue or an equiva- 
lent type of grassland, since in mixed prairie (Smoliak et al. 
1972) differences in amounts and kinds of roots occur. 

In the comparison of light with very heavy stocking, the depth 
of the Ah horizon changed from about 22 cm to about 7.5 cm. 
This may be the result of increased bulk density due to increased 
grazing pressure. Water and wind erosion cannot be discounted as 
causes for the Ah horizon depletion since Naeth (1988) reported 
that bare ground increased from zero to 15% on very heavily 
grazed range. Thatch was no longer present on the very heavily 
grazed paddock. As grazing pressure increased, roots became 
more concentrated in the upper part of the core with less distribu- 
tion in the lower part, while roots in the cores obtained from the 
control paddock were distributed throughout the 13 cm core depth. 

It has been shown elsewhere (Dormaar and Willms 1990) that 
under increased grazing pressure rough fescue was replaced by 
Parry oat grass (Danthonia parryi Scribn.), Idaho fescue (Festuca 
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iaidoensis Elmer), wheat grass (Agropyron spp.), and June grass 
[Koeleria cristata (L.) Pets.]. Prolonged heavy grazing pressure 
further resulted in a cover of weedy species, including pasture 
sage (Artemisia jiigida Willd.), locoweed [Oxotropis campestris 
(1.) DC.], pussy-toes (Antennaria spp.), and dandelion 
(Taraxxum ojicinale Weber). 

The color of the Ah horizon soil of the lightly grazed paddock 
had not changed between 1967 (Johnston et al. 1971) and 1992 
(Table 1 vs Table 2), but in the same time period the soil color of 
the Ah horizon of the heavily grazed paddock changed from very 
dark grayish brown (1OYR 3/Z) to dark brown (1OYR 3/3), while 
that of the very heavily grazed paddock changed from dark 
brown (IOYR 3/3) to dark brown to brown (1OYR 4/3). This can 
be attributed to either decreased organic matter input into the Ah 
horizon, or the upper part of the B horizon slowly being incorpo- 
rated into the Ah horizon due to erosional loss of Ah horizon soil, 
or both. 

Regardless of time of sampling and even though a significant 
(P < 0.05) interaction between time of sampling X fields existed 
for most chemical constituants (Table 2), soil moisture content in 
the very heavily grazed paddock was always less than that in the 
control particularly during the April and May sampling. As well, 
the mean-weight diameter of the water-stable aggregates 
decreased from the control and the lightly grazed paddock to the 

heavily and very heavily grazed paddocks. With less thatch, root 
ramification, vegetative cover, soil moisture, and smaller soil 
aggregates, the soil of the very heavily grazed paddock is not 
only susceptible to water erosion, but to wind erosion as well. 
Except for the difference between the control and very heavily 
grazed paddock soils, all differences in bulk density between 
grazing treatments at both depths (0 to 3 and 3 to 6 cm) were sig- 
nificant in both spring and autumn. Increased bulk density with 
increased grazing pressure exacerbates the potential for erosion 
and, with increased excreta load, down stream pollution. 

Since the methods of analysis used in 1967 were different from 
those in 1992, direct numerical comparisons between the results 
may not be reasonable. Nevertheless, it is possible to compare the 
trends for some constituents. The pH did not vary much over the 
season, hence only the values of the 16 April samples are present- 
ed. The increase in pH is an indicator of soil loss, since with 
increased grazing pressure the depth of the soil profile decreased 
resulting in carbonates being closer to the surface. 

Soil C content was significantly higher in the control and light- 
ly grazed compared to the heavily and very heavily grazed pad- 
docks. As grazing pressure increased, the N content increased 
when expressed as percent N (compare Dormaar et al. 199Oa). Of 
course, since total soil C decreased, the UN ratio decreased. 

It has been shown that NH4+-N aids root ramification and 

Table 2. Charaeteristi of Ah horizon of soil from fields grazed at 4 rats for 42 years, Stavely, 1992 (averages of 3 samples taken 16 April unless otb- 
envlse lndlcated). 

Grazing intensity (AUM/ha-‘) 

Depth Ah horizon (cm) 
Thatch (cm) 
Rootmat (cm) 

0.0 1.2 
Q’ Q :;;: G 

20-24 16-21 10-14 6-9 
6-7 4-5 4 0 Date 

None perse 8-10 4-6 3-4 E vs L EvsH EvsVH LvsH LvsVH HvsVHXfield 

Color (dry - 1OYR) 
Moisture (%) 

Bulk density (Mg me3)- O-3 cm 

- 3-6 cm 

16 Apr 
14 May 
24JUn 

1oct 
16 Apr 

1oct 
16 Apr 

1oct 
Water-stable aggregate 

MwD (mm) 
pH CaCl, 
Total C (96) 
Total N i%j 
UN 
Exchangeable N (mg/kg) 

- NH+,-N 

- NO-3-N 

Total P 1%) 
Available P (mg.kg-‘) 
NH4OAc - 

Extractable cations (96) 
Ca 
Mg 
Na 
K 

16 Apr 
1oct 

16 Apr 
1oct 

(mg/lof) g) 
Gal + Man/Xyl + Ara* 

16 Apr 
1oct 

16 Apr 
1oct 

0.035 
0.066 
0.019 
0.067 
32.16 
28.78 
0.84 
0.76 

0.071 
29.43 
27.11 
0.75 

21.96 
22.48 

0.035 
0.066 
0.085 
0.112 
17.15 
23.73 
0.63 

0.029 
0.149 
0.001 

0.285 
0.925 

CQ.001 
0.001 

CO.001 
<o.OOl 
CO.001 

0.824 
0.850 

CO.001 
<o.oOl 
<o.OOl 
0.001 

<o.OOl 

4.001 
0.003 

CO.001 
0.002 
0.041 

0.206 
0.358 

CO.001 
-ZOO.001 
4.001 
0.012 

4.001 

0.784 
0.777 

-ZQ.OOl 
0.025 
0.002 co.001 
0.265 
0.003 \ 

0.72 0.72 0.66 0.024 0.024 <o.OOl 1.000 0.010 0.010 I 0.004 

‘E = eXClOSUre; grazing treatment: L = light; H = heavy; VH = very havy. 
‘Gal = G&IC~OSZ.; Mm = Mannose; Xyl = Xylose; era = ~&hose. 

2Jl 2Jl 313 4i3 
76 71 48 26 
41 37 26 14 
60 49 43 40 
57 54 54 36 

0.44 0.47 0.71 0.76 
0.48 0.48 0.75 0.81 
0.60 0.67 0.83 0.84 
0.66 0.67 0.88 0.87 
1.69 1.64 1.43 1.35 

0.071 4.001 CQ.001 
0.071 CO.001 4.001 
0.001 4.001 CO.001 
0.215 0.312 CO.001 

0.540 CO.001 CO.001 

5.5 5.6 5.9 6.4 
11.4 11.0 8.5 7.5 
0.85 0.87 0.96 1.05 

13.4 12.6 8.9 7.1 

0.211 
0.220 
0.594 

35.4 23.4 16.8 11.5 CO.001 
13.0 15.8 24.4 28.2 0.379 
2.9 5.6 5.5 8.4 0.017 
3.2 4.9 5.2 13.3 0.163 

0.112 0.103 0.102 0.095 0.015 
4.0 4.3 5.3 5.2 0.517 

0.096 

CO.001 
CO.001 CO.001 

0.029 0.003 
0.794 

<o.OOl 

CO.001 

<o.OOl 
0.005 
0.019 
0.107 
0.009 
0.012 

0.147 
0.457 

>o.oOl 
0.512 

CO.001 

<o.OOl 0.022 CQ.001 
<o.OOl 0.020 0.003 
CO.001 0.942 0.014 
CO.001 0.789 4.001 
<o.OOl 0.732 0.026 
0.020 0.035 0.059 

0.659 
0.514 

0.004 

0.953 NS 

0.290 

0.005 
0.013 
0.012 

0.052 4.001 
0.233 
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N03‘-N reduces cell multiplication (Bosemark 1954; Dormaar 
and Ketcheson 1960, Callot et al. 1982). Although many forces 
interact in the field, it should be noted that root mat, and thus 
ramified root mass, and NH4+-N content decreased with increas- 
ing grazing pressure in the spring. Conversely, NOS--N increased 
both in spring and autumn. An increased urine load can be 
expected to increase NI-I4+-N in the autumn. The increased urine 
load also manifested itself in increased Na and K on the exchange 
complex. 

The effects of grazing per se on monosaccharide content may 
not be the single cause. Nevertheless, overgrazing reduced the 
amount of monosaccharide and thus a potential energy source in 
the soil. This would then lead to reduced microbial activity in the 
soil. The change in the galactose + mannose to xylose + arabi- 
nose ratio with increased grazing pressure, indicative of 
decreased microbially originated monosaccharides, supports this 
hypothesis. 

Standing vegetation was sampled at 3 sites on the first of 
October to determine nutrient content of forage (Dormaar, unpub- 
lished data). As grazing pressure increased from light to very 
heavy, tissue concentrations of P increased from 0.042 to 
0.130%, K from 0.296 to 0.845%, Ca from 0.403 to 0.565%, and 
Mg from 0.069 to 0.123%. The values for the control paddock 
were between those of the heavily and very heavily grazed pad- 
docks for P and K, but were less than those for the lightly grazed 
samples for Ca and Mg. It has been shown (Clarke and Tisdale 
1945; Johnston and Bezeau 1962) that with advancing maturity of 
rough fescue, percent Ca either remained the same or increased, 
while percent P decreased. The increased P uptake is most likely 
related to the increased N content of the soil (Dormaar and 
Ketcheson 1960). Taking the values for available forage (kg ha-‘) 
as presented for the lightly (2,199), heavily (1,865) and very 
heavily (1,170) grazed paddocks published by Dormaar and 
Willms (1990), more P and K are removed from the very heavily 
than from the lightly grazed paddocks, while the reverse holds 
true for Ca and Mg. 
Mature cattle produce an average of 25 kg of feces plus 9 kg of 
urine per animal daily. On the average, fresh cattle feces contain 
0.18% P205, while fresh cattle urine contains approximately 
0.01% P2OS (Petersen et al. 1956). While these @ures are cer- 
tainly not fully applicable to the present study, and, except for the 
heavily grazed paddock, the animal wastes are not distributed 
uniformly, they nevertheless allow an estimate of P accumulation 
from cattle over a six-month period. With this caveat in place, 
annual P additions for the light, heavy, and very heavy grazed 
paddocks are estimated at 0.71, 1.53, and 3.06 kg ha-‘. The P 
added through excreta, rather than being fixed by the mineral 
component of the soil, generally remains in a slow-release avail- 
ability mode, which, together with the increased Olsen’s available 
P, led to increased P content of the vegetation. 

Phosphorus is the one major constituent of soil organic matter 
that must be supplied almost entirely from the parent material. 
Increased grazing pressure has had a significant effect on the P 
content of the soil. Of course, there will be some loss of P in ani- 
mal tissue. However, since bare ground increased from zero to 
15% on the very heavily grazed range (Naeth 1988), it is suspect- 
ed that most of the P loss is due to sheet and wind erosion. This 
loss of soil P is of concern. 

Treatment effects on most soil parameters were most pro- 
nounced at the two heavier grazing pressures. This suggests that 

stocking at 2.4 AUM ha’, and greater, has resulted in transformed 
soil conditions for the area under study. Properties characterizing 
good soil quality under grazing regimes may well differ from 
those indicative of excellent soil quality under a cropping regime. 
One of the major issues in soil research is the requirement to 
establish and define those properties that have bellwether quality. 
Many of the soil parameters tested in the present study responded 
to grazing and after 44 years of continued grazing pressure, a 
number of soil characteristics have shown significant shifts and, 
therefore, may be useful indices of soil quality. 

Although we have data for time of recovery of abandoned culti- 
vated Black Chemozemic soils (Dormaar et al. 199Ob), such data 
are not available for abandoned overgrazed rangeland as yet. For 
example, what organic matter properties are able to point to shifts 
in potentially irreversible soil quality parameters by the end of 
the first summer or within the next few years when it is still pos- 
sible to introduce corrective measures? 

Briske and Heitschmidt (1991) noted that grazed systems are 
manipulated by humans to meet a diverse set of personal and/or 
firm-level production goals; the most pervasive of these goals is 
the maximization of livestock production or profitability on a sus- 
tainable basis. ‘Sustainability’ is considered to be the fundamental 
goal of rangeland management and sustainable management of 
rangelands depends primarily on conservation of the soil (Task 
Group on Unity on Concepts and Terminology Committee 
Members 1995). 

In terms of the soil quality of the fescue grassland on which the 
present grazing study is being conducted, it is clear that grazing 
between 1.2 and 2.4 AUM ha-’ can be supported even though this 
does not lead to maximum beef production (Johnston et al. 197 1; 
Wii et al. 1985). Nevertheless, Willms et al. (1985) reported 
that stocking at a light rate (1.2 AUM ha-‘) for 32 years did not 
affect range condition, while a modest increase in stocking rate 
(1.6 AUM ha-‘) led already to a marked decline in range condi- 
tion. Although management should not result in irreversible 
reductions of soil productivity (Task Group on Units in Concepts 
and Terminology Committee Members 1995), none of our 
research has ever examined recovery of grazed or perceived over- 
grazed rangeland. To rectify this lacuna, a recovery experiment 
has recently been initiated on the field that has undergone 45 
years of 2.4 AUM ha-’ grazing pressure. 
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Book Reviews 

Natural Toxicants in Feeds, Forages, and Poisonous Plants 
by Peter R. Cheeke. 1998. Interstate Publishers, Inc., 
Danville, Illinois. 479 p. US$40.00 paper. ISBN 0-8134- 
3 128-X. 
There is widespread societal concern about toxins from food 

and other sources, as we humans attempt to reduce risk in all 
aspects of our lives to zero no matter what the cost. In reality, it is 
impossible and undesirable to live in a risk-free world. Peter 
Cheeke’s second edition of his 1985 book clearly underscores the 
fact that life for humans and animals is certainly not risk free. 
Animals and humans are constantly exposed to a wide array of 
natural toxins from a variety of sources in nature. Natural 
Toxicants in Feeds, Forages, and Poisonous Plants is a very use- 
ful contribution to readers interested in natural toxicants in plants 
eaten by domestic livestock or by humans. The book emphasizes 
toxins from plants, toxin metabolism and toxicological impacts 
on animal systems, and potential solutions. 

At a nutrition conference in Penang, Malaysia in 199 1, I asked 
Peter Cheeke when we could expect a revision to his 1985 book. 
He replied somewhat tersely that he was thinking about it. 
Apparently numerous requests for a subsequent edition strength- 
ened his resolve, and he began to revise the valuable but outdated 
first edition in 1992. The final result is a book that will be useful 
both as an undergraduate and graduate text, and is also a wel- 
come reference book that will be used by professional and lay 
readers interested in this topic. Dr. Cheeke has managed to walk a 
fine line by integrating toxicology, veterinary medicine, natural 
product chemistry, and range and animal science aspects into a 
readable text. Readers with more technical background will 
appreciate the comprehensive review of natural toxins, while 
interested lay readers will appreciate his casual writing style and 
clear explanations. 

The book is organized into 4 major parts: The first part, 
Metabolic Effects, Metabolism, and Ecological Roles of Plant 
Toxins deals with natural toxins and their biological effects, toxi- 
cology methods, metabolism and metabolic effects of toxicants, 
and the ecological role of plant toxins and impacts on human and 
animal health. The second section, Toxicants in Animal Feeds has 
chapters devoted to mycotoxins in grains, toxins in cereal grains, 
protein supplements, and grain legumes, and toxins produced by 
feed processing. The third section, Forage-induced Toxicoses has 
chapters emphasizing mycotoxins in forages and toxins intrinsic 
to forages (e.g., alkaloids in forage lupines). The fourth part, 
Plants Poisonous to Livestock has chapters on GI tract and liver 
toxins, neuro- and nepbro- toxins, reproductive toxins, carcino- 
gens and metabolic inhibitors, skin toxins and miscellaneous tox- 
ins (e.g., myotoxins). 

Dr. Cheeke has attempted to integrate the latest literature into 
the book, and readers will find that the literature review is current 
and comprehensive. There are a few errors in the book, but these 
are generally minor and do not detract from the overall quality of 
the text. The author decided to publish the book in paper rather 
than hardbound to keep the price low. While laudable, many of us 
who intend to use the book for many years would have preferred 
a hardbound book. 
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This book is a valuable addition to the literature for those of us 
interested in the subject of natural toxicants. I suspect that 
Cheeke’s book will become a standard text and reference book 
for many in the agricultural sciences. It doesn’t replace 
Kingsbury’s classic text on poisonous plants, but it complements 
it quite well, and it certainly will have a place on my library shelf 
along side Kingsbury’s book.-Jim Pfister, USDA-ARS 
Poisonous Plant Research Laboratory Logan, Utah. 

Mountains and Plains, The Ecology of Wyoming 
Landscapes by Dennis H. Knight. 1996. Yale University 
Press, New Haven, Connecticut. 352 p. US$18.00. ISBN 
O-3-05545-5. 
Yeats ago, when I first trained in range ecology, one of the 

basic courses taught was called Rangeland Communities. The text 
for this course was a series of photocopied lecture notes, provided 
at the cost of printing. The focus of these notes was on the major 
rangeland communities of the United States from a range man- 
agement perspective. Rumor was that these lecture notes had 
been developed by Neil West, Thad Box, and George Van Dyne, 
and a college level text on rangeland communities was to be the 
future product. Neil West went on to publish about the desert 
type rangeland communities. Thad Box became involved in many 
different writing projects, and George Van Dyne suffered an 
untimely death. The rumored book was never produced as far as I 
know, but through the medium of photocopy the lecture notes 
were dispersed far and wide. In casual conversation, Neil West 
once told me he discovered a copy of the lecture notes while he 
was on sabbatical in Georgia from Logan, Utah, and this was 
long before the Internet. 

New to many of the rangeland communities discuszd, I 
enjoyed the structure of those notes. As I remember there were 
lists of characteristic plant species: which plants were thought to 
be increasers, decreasers, or invaders; expected community pro- 
ductivity; suspected successional pathways; a discussion of soil 
characteristics; an introduction to related wildlife species; and 
some explanation of acceptable management practices. At the 
time I thought, if I could master the information in these notes I 
would have a firm understanding to practice range management 
almost anywhere my career might send me. 

Reading Dennis Knight’s Mountains and Plains, The Ecology 
of Wyoming Landscapes (M&P) strongly reminded me of those 
lecture notes. Lie the lecture notes, if one could master the infor- 
mation in M&P one would have a firm ecology understanding of 
the major landscapes in Wyoming and parts of the surrounding 
states. M&P is a summary of abundant ecological information. 
The presentation is from a plant-vegetation ecological point of 
view because “vegetation, more than any other biotic feature, 
gives character to the landscape”, Knight says. 

There are 17 chapters divided in 6 sections, an appendix of 
Latin plant names referencing the common names in the text, a 
similar appendix of Latin animal names referencing the common 
animal names used in the text, notes for each chapter, a 207 word 
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glossary from “A-horizon” to “xylem”, a list of 1,295 references, 
and an index. 

The book opens with a broad view placing the Wyoming land- 
scapes in the context of the Rocky Mountain West with chapters 
on landscape history and modem environments. The second sec- 
tion, Along Creeks and Rivers consists of 1 chapter on riparian 
landscapes. The third section moves to the plains and 
Intermountain basins and comprises 4 chapters. Here is where 
most of the rangeland landscapes are discussed. Grasslands, sage- 
brush steppe, desert shrublands, playas, sand dunes, badlands, 
mud volcanoes, and mima mounds are the subject landscapes in 
this section. The fourth section is about the foothills and moun- 
tains and has 5 chapters with subjects ranging from escarpments 
and the foothill transitions to upper treeline and alpine tundra. 

There is an anomaly among these 5 chapters in this section. It is 
a chapter on the forest ecosystem. Unlike the other chapters, 
which describe a particular landscape or series of landscapes, this 
chapter is almost a primer on functioning of a forest ecosystem. 
Not having spent as much time in the forest literature as I have in 
the rangeland literature, I enjoyed reading it, but it did seem a lit- 
tle out of place. Knight’s justification for including this chapter is 
that “ . ..forest ecosystems cannot be understood by studying the 
trees alone.” The fifth section talks about 3 special landscapes, 
the Yellowstone Plateau, the Jackson Hole and Tetons, and The 
Black Hills, Bear Lodge Mountains, and Devil’s Tower. The final 
section is titled “Sustainable Lund Management” with 1 chapter 
on using Wyoming landscapes. 

Besides the plant ecological focus of each chapter, where possi- 
ble, Knight examines plant-animal interaction, nutrient cycling, 
current issues in land management, and the ecology of distur- 
bances. In chapter discussions of riparian landscapes, desert 
shrublands, playas, escarpments, foothill transitions, mountain 
forests, mountain meadows, snowglades, upper treeline, and 
alpine tundra there are lists of characteristic plants, but I found it 
disappointing that characteristic plant lists did not appear for dis- 
cussions of grasslands, sagebrush steppe, sand dunes, badlands, 
mud volcanoes, or mima mounds. However, I realize there might 
have been space limitations, or these chapters didn’t readily lend 
themselves to characteristic plant lists. Readers who know the 
landscapes well might want to compare their personal character- 
istic plant list with what is presented. 

There are a number of characteristic animal lists also presented. 
Riparian landscapes, grasslands, and mountain forests have char- 
acteristic animal lists: While these 3 landscapes have their own 
lists, the caption for the grasslands indicates it is for grasslands, 
shrubland, and escarpments at low elevations. 

Most chapters are subdivided into a finer division of land- 
scapes. For example the Mountain Forests chapter has sections 
on ponderosa pine, Douglas fir, lodgepole pine, spruce-fir, and 
aspen forests. Escarpments and Foothill Transition talks about 
mountain-mahogany shrublands, juniper woodlands, ponderosa 
pine-limber pine-Douglas fir woodlands, mixed foothill shrub- 
lands, and foothill grasslands. 

I wouldn’t want to stifle creativity, but I think Knight’s book 
could serve as a worthy model for others writing about western 
landscapes. The writing is uncomplicated; “it should be easy to 
understand for individuals curious about ecology and natural 
resource management.” There are many illustrations, maps, pic- 
tures, and tables. Out of the 262 pages of core text, only 21 dou- 
ble pages do not have an illustration, map, picture, or table 

expanding and clarifying the text. Do not be mislead, M&P is not 
a picture-book with text as a filler. The illustrations and pictures 
have been carefully chosen to clarify the text. Figure 1.6 cap- 
tioned “A diagram illustrating the major components (boxes) and 
interactions (arrows) of a terrestrial ecosystem” (page 9) in the 
introduction is a good example. Since it is not referenced, I can 
only assume it is original. This diagram nicely portrays an 
ecosystem from a system point of view. For those wanting addi- 
tional information, the references are extensive. There is a glos- 
sary which leaves no question to the author’s meaning of the 
terms he uses. 

Who should read M&P? Of course, students of Wyoming land- 
scapes should read M&P. It could prove valuable for researchers 
as context and setting. I see it would be valuable for newly 
employed federal land management agency personnel or for those 
who transfer into Wyoming who want a quick, intensive intro- 
duction to the landscapes they’re expected to manage. Perhaps 
private ranchers or ranch managers could benefit from reading 
about the landscapes on which their ranch occurs. 

In the 3 chapters on landscapes of special interest, the 
Yellowstone Plateau, Jackson Hole and the Tetons, and The 
Black Hills, Bear Lodge Mountains, and Devil’s Tower, the 
author describes the vegetation mosaic of each and then spends a 
good deal of time discussing the management issues of each. 
Those interested in the ongoing management discussion of these 
special interest landscapes will want to add Knight’s viewpoint to 
their knowledge base. 

I never did see a text from those rangeland communities lecture 
notes, but Knight’s M&P provided me with a satisfying altema- 
tive for some of the landscapes, and the alternative was nicely 
based on current theory.-David K. Mann, Salt Lake City, Utah. 
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