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Correcting estimates of net primary production: Are we 
overestimating plant production in rangelands? 
MARIO E. BIONDINI, WILLIAM K. LAUENROTH, AND OSVALDO E. SALA 

Abstract 

This paper addresses the issue of the effect of random errors in 
field estimates of net primary production (NPP). This is a critical 
subject in range management because field estimates of plant pro- 
duction are regularly used to determine stocking rates, range con- 
dition, and animal consumption. What we show in this paper is 
that random errors associated with field estimates of NPP can 
result in a positive bias and thus an overestimation of NPP. 
Depending on the case, this overestimation has been reported as 
high as 700%. We present examples with overestimations in the 
200% to 400% range. The overestimation in NPP increases with 
increases in biomass variances, frequency of sampling, and number 
of taxonomic (species) and tissue (live, dead, etc) components 
sampled. We (1) outline in nonmathematical terms the reasons 
behind overestimation in NPP and the analytical solutions designed 
to correct them; and (2) present applications of the analytical 
solution for adjustments to concrete cases. The adjustments for 
overestimation outlined in this paper do not guarantee an accurate 
estimate of NPP but eliminate an unneeded source of error. A 
computer program (for IBMTM compatible) designed to implement 
the necessary adjustments is available from the authors free of 
charge (send a blank diskette). 

An article published by Singh et al. (1984) initiated a controversy 
in plant ecology about the accuracy of field estimates of net prim- 
ary production (NPP) based upon a time series of biomass. This 
controversy is of particular relevance to range science because field 
estimates of plant production are regularly used to determine range 
condition, stocking rates, and animal consumption. Accurate 
estimates of primary production are also very important for scien- 
tists and natural resource managers concerned with a wide variety 
of issues such as global carbon (C) budgets (Schneider 1989), soil 
organic matter, and herbivory. 

Singh et al. (1984) used simulation models to show that most of 
the techniques used to estimate NPP (for a review see Singh et al. 
1975) can overestimate net root production by as much as 70%. 
Similar results were reported for aboveground production by 
Lauenroth et al. (1986a). Both results contradicted previous 
assumptions that field estimates of NPP always underestimate 
NPP because biomass peaks may be missed and because of the 
simultaneous nature of production and decomposition. Singh et al. 
(1984) related NPP overestimation to the random errors associated 
with biomass estimates. They suggested that random errors can 
generate artificial peaks and troughs (false maxima and minima) in 
a time of series of biomass estimates which may lead to large 
overestimation of NPP. Vogt et al. (1986), however, challenged the 
conclusions of Singh et al. (1984) both on methodological grounds 
and by suggesting that they may be related to the peculiarity of the 
grasslands under study and thus not generally applicable. Subse- 
quently, Lauenroth et al. (1986b) answered the methodological 

Authors are associate professor, Department of Animal and Range Sciences, North 
Dakota State University, Fargo 58105; professor, Department of Range Science, 
Colorado State University, Fort Collins 80523; associate professor, Departamento de 
Ecologia, Facultad the Agronomia, Universidad de Buenos Aires, Av. San Martin 
4453, Argentina. 
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questions raised by Vogt et al. (1986) but left open the problem of 
generating a statistical theory to explain why NPP overestimation 
may occur, and developing the analytical tools needed to correct 
them. Sala et al. (1988) provided the answer for both. 

The objectives of this paper are: (I) to outline in nonmathematical 
terms the reasons behind overestimation in NPP and the analytical 
solution designed to correct it; and (2) present applications of the 
analytical solution for adjustments developed by Sala et al. (1988) 
to specific cases. 

Random Errors and NPP Overestimation 

We will use an example to explain the connection between 
random errors and overestimation of NPP (Fig. 1). Let’s assume 
that the mean biomass of a pasture is 110 g.me2 at time I (Bl) and 
120 g.me2 at time 2 (B2), and furthermore, let’s assume that both 
means are normally distributed (Fig. la and 1 b). That implies that 
in the time 1 - time 2 interval there has been a mean increase in 
biomass (B2-Bl) of 10 g.mw2 which we would consider as the NPP 
for the period. Under field conditions, of course, we do not know 
the actual mean and standard deviation (sd) of the biomass in the 
pasture in question so we estimate it by sampling. For instance, 30 
random samples from Figure la and 1 b, respectively, resulted in 
estimated meanand sd of 109.8 g.me2, 8.1 for Bl and I I8 g.mv2, 18.8 
for B2. A t-test for a case of unequal variance (Snedecor and 
Cochran 1967) gives a t = 2.24 with a p q  0.028 (df = 39.5) confirm- 
ing that there is in fact an increase in mean biomass in that period. 
Now, the underlying distribution of B2-Bl, which represents the 
differences in biomass between time 1 and time 2, is also normally 
distributed with a mean of IO g.me2and sd of 22.4 (Fig. lc). Sala et 
al. (1988) showed, however, that the underlying distribution of 
NPP estimates from all commonly used techniques is not normally 
distributed, but rather a combination of 2 distributions: a discrete 
distribution with mass at 0 and a truncated normal distribution 
(Fig. Id, and Appendix). The explanation can be intuitively cap- 
tured by the following argument. Even though the mean of B2-Bl 
is positive, there is a probability (0.33 in this example) that when 
sampling from Figure lc one would get a negative value by chance 
alone. NPP is not the difference B2-B I, but only the positive values 
of this difference. As a result, every time a negative value for B2-B I 
is obtained, NPP is assigned a value of 0. That represents the 
discrete portion of the NPP distribution that has mass at 0 (Fig. 
Id). When the difference B2-Bl is positive, we assign NPP that 
value, but the distribution of positive values is a truncated normal 
distribution rather than a normal one. Although the mean B2-Bl 
(actual NPP) is 10.g.me2, the mean derived from the distribution of 
NPP estimates (we call it the calculated NPP) is 14.6 g.mm2. The 
difference between the actual and calculated values represents the 
overestimation observed by Singh et al. (1984). 

Sala et al. (1988) developed equations that relate the calculated 
NPP to the actual NPP, estimated the size of the overestimation, 
and developed algorithms needed to adjust the calculated NPP 
values to correct for overestimation (Appendix). Sala et al. (1988) 
also developed the theoretical proofs for results observed by Singh 
et al. (1984): (1) overestimation increases as the variance of the 
estimated biomass increases; (2) the closer (though still signifi- 
cantly different) the mean biomasses are between 2 sampling peri- 
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DISTRIBUTION OF BIOMASS ESTIMATION ERRORS 
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Fig. 1. (a) and (b) represent the distribution of biomass estimation errors associated with samples taken at time 1 and time 2; (c) distribution of difference 
of biomass between time 2 and time 1; (d) actual distribution of NPP esthnates. For details see Appendix. 

ods the higher the overestimation (as a percentage); and (3) increas- 
ing the frequency of sampling results in increasingly greater 
overestimation. 

Example 1 
In the following example we reanalyzed a subset of the Singh et 

al. (1984) NPP estimates of root biomass to show how the adjust- 
ment method is implemented and to compare the adjusted results 
with the published data. The data consist of the total root biomass 
(live + dead) generated by a simulation model for a 4-year period. 
Samples for a given date were generated by assuming that root 
biomass per sample period was normally distributed with mean 
equal to model estimates and a coefficient of variation of 0.32 
(derived from Lauenroth and Whitman 1977). Ten samples were 
taken at 15-day intervals from 15 May through 1 September, and at 
3O-day intervals from 1 September and through 1 November 
(Table 1). NPP was estimated as the sum of the significantly 
different (p<O.OS) increments in root biomass. The actual NPP 
(566 g.me2) in this case is a known value because it was generated 
from a simulation model. 

According to theory (Singh et al. 1975), the use of a time series of 
total root biomass with statistical constraints should lead to a 

substantial underestimation of root NPP because of missed bio- 
mass peaks, small biomass increments in relationship to standing 
crop, rapid biomass turnover, and translocation of C between 
shoots and roots (Wiegert and Evans 1964). Estimates of root 
production from harvest data, however, often result in overestima- 
tion. Results from the analysis of the Singh et al. (1984) data show 
that root NPP is overestimated by an average of 150% (Table 1). 
When we apply the adjustments developed by Sala et al. (1988), the 
estimates of NPP behave as expected by theory, that is they under- 
estimate actual NPP by an average of 33%. This is the desired 
behavior because underestimation in this case results from the 
limitations of the sampling method used rather than from a statis- 
tical artifact (the overestimation case) and can be reduced, if 
adjustments for overestimation are used, by more refined and 
intensive sampling protocols such as separating live and dead 
biomass, estimating decomposition and herbivory, and increasing 
the number and frequency of samples. 

We use the case of Year 1 in Table 1 to illustrate how the 
adjustments are implemented. The procedure is as follows: 

Step 1. Select a method to estimate NPP. In this example NPP 
is estimated as the summation of the significant (p<O.O5) incre- 
ments in total root biomass (live + dead) (Singh et al. 1984). As a 
consequence, adjustments will be calculated only in the cases where 
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Table 1. Reanalysis of the Singh et al (1984) NPP estimates of root biomass. The data for each sampling date represent mean and standard deviations for 
total (live + dead) root biomass in g mm2 . Samples for a given date were generated by assuming that root biomass was normally distributed with mean 
equal to the model estimates and a coefflclent of variation of 0.32. Ten samples were taken per date. Four years are simulated. Root NPP was estimated 
as the summation of the significant (pC0.M) increments in root biomass (Sfngh et al. 1975). The actual value of root NPP (calculated from model flows) 
was 566 g m-* ye&. 

May 15 
June 1 
June 1.5 
July 1 
July 15 
Aug. 1 
Aug. 15 
Sep. 1 
Oct. 1 
Nov. 1 
Actual NPP 
Estimated NPP 
Adjusted NPP 

Four Year Average 

Total Root Biomass (g m-r) 
Year 1 Year 2 Year 3 Year 4 

Mean Sd Mean Sd Mean Sd Mean Sd 

3080 492 3180 875 2665 179 3330 996 
3197 875 3298 868 3120 1074 3181 879 
2944 419 2800 1003 2644 808 3049 587 
3468 909 3216 809 2812 700 2633 785 
3210 894 :g 1272 3348 129 3417 834 
2777 749 978 2929 1083 2895 1158 
:% 361 3404 997 3165 882 3391 859 

980 3563 889 3495 1385 3535 I133 
3134 1154 2835 812 2741 1093 3252 1221 
3339 706 3787 838 3748 983 3406 814 

566 566 566 566 
663 952 1007 784 
353 528 360 278 

Actual NPP 566 
Estimated NPP 851 
Adjusted NPP 380 

there are significant increases in total root biomass between con- 
secutive dates. 

Step 2. Identify all the significant (p<O.O5) increases in biomass 
between 2 consecutive dates. In this example the only significant 
increase takes place between 1 August and 15 August (3440 - 2777 
= 663 g.m-‘). This represents the nonadjusted value. 

Step 3. For all the cases where there is a significant increase in 
biomass, calculate the probability of finding by chance alone a 
decrease in biomass between the given dates (the area in the left 
hand side of Fig. lc). To do that, we first calculate the normal 
deviate z = -D/ SD where D is the difference in biomass between the 
2 consecutive dates in question (B2-Bl) and SD = standard devia- 
tion of B2-B 1 = (Variance of B I+ Variance of B2)‘“. In our case D = 
3440-2777~663, SD=[(749)2+(361)2]” q  831 andz=-663/831 q  

-0.8. Second, calculate the value q = P (Z<-O.8) using a table for 
the cumulative standard normal distribution. To do that we first 
look at the table value for z = 0.8, using for instance Table A3 (page 
548) of Snedecor and Cochran (1967), and then calculate q = 0.5 - z. 
In this case z q  0.2881 and q q  0.5 - 0.2881 = 0.21. 

Step 4. To eliminate the effect of overestimation, i.e., calculate 
the adjusted mean and standard deviations, we need to solve 
equations (1) and (2), shown in the Appendix, where E(NPP) = B2 
- Bl, Var (NPP) = (SD)2 and p = 1-q. In our particular example 
E(NPP) = 663, Var (NPP) = (831)2= 691,322, p = l-0.21 ~0.79. The 
values we need to solve for are p, which represents the adjusted (for 
overestimation) mean difference in total biomass between 1 
August and 15 August and u, which represents the corresponding 
adjusted standard deviation. Replacing E(NPP), Var(NPP) and p 
in equations (1) and (2) of the Appendix with the values shown 
above led to the following system of equations to be solved: 

663 = 0.79~ + a(0.4)(2.72)0.5~/“)2 
691,322 = 0.79/.$(0.21) + 0.79~2 + ~~r(0.4)(2.72)“~~(~+‘)~(-0.58) - 

a2(0. 16)(2.72)+‘“2 

The equations are solved for p and u using an approximation 
algorithm developed by Sala et al. (1988). The process is iterative in 
nature and stops when the right and left side of the equations differ 
by less than 5%. In this case p = 353 and u = 1055 are the solutions. 
A computer program has been developed by the authors for this 
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purpose and is available free of charge. The program tests for 
significant differences between means and solves for p and u. The 
only inputs required are mean biomass, standard deviation, and 
number of observations for each time period. 

Step 5. Once all the significant biomass differences between 
consecutive dates are adjusted, NPP is calculated according to the 
selected method. In this case there was only 1 significant increment 
in biomass between consecutive dates therefore adjusted NPP q  p = 
353 rather than 663 g. 

Once adjustments for overestimation are performed, more 
sophisticated methods for field estimations of NPP that involve 
frequent sampling, separation of live and dead material, estimation 
of decomposition rates, and estimations of C translocation (Sala et 
al. 1981) can be safely used to obtain more accurate estimates of 
NPP without the risk of incurring the large overestimation shown 
by Singh et (1984). 

Example 2 

In this example, we show the estimation of aboveground NPP 
with a method that accounts for changes in live biomass of individ- 
ual species, standing dead biomass and litter. The data for the 
example comes from Sala et al. (1981). NPP is calculated in 2 ways: 
(1) using a time series of live biomass only; and (2) using a time 
series of live biomass plus changes in standing dead and litter to 
account for senescence and decay processes. 

Method 1 involves the summation of significant (pCO.05) 
increments in live biomass between consecutive dates for all species 
(Table 2). For example, Bothriochloa laguroides has significant 
increases in biomass in the December (1974) to January (1975), 
January to April and October to December (1975) intervals. The 
non adjusted biomass increments are 7.5, 6.7, and 13.2 g.me2, 
respectively. To adjust, we follow the same 4 steps of example 1 and 
apply it to each pair of consecutive dates. The adjusted biomass 
increments are 5.8,O (the actual value is -2.7 but the protocols for 
this method involve only biomas increments) and 3 g.mm2. The 
same procedure is repeated for each species, and the nonadjusted 
and adjusted for (overestimation) NPP estimates are calculated by 
summing all the increments (Table 2). 

Method 2 involves corrections to the NPP values of Method 1 by 
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Table 2. Reanalysis of Sala et al. (1981) NPP estimates. Data is given in &mm*. NPP is calculated 2 ways: (1) sum of significant (pCO.05) @tive 
increments of live biomasq (2) as In 1 plus correction factors for senescence and decay processes using a time series of standing dad and Utter. 
Senescence corrections were caicul&d as the increments in standing dud not juslified by the summation of decreases in the live biomass of individual 
species. The decay correction factor was calculated as the increases in litter not jostifled by decreases in standing crop. For details on the calculations see 
text and Sale et al. (1981). 

Species 

December 1974 January April August October December 1975 

Bio- Bio- Bio- Bio- Bio- Bio- 
mass Sd n mass Sd n mass Sd n mass Sd n mass Sd n mass Sd n 

Bothriochloa kaguroides 
Briza subaristata 
Danthonia 

montevidensis 
Distichlis sp. 
Lolium multiflorum 
hfelica brasiliana 
Paspalum dilatatum 
Paspalum vaginatum 
Sporobulus indicus 
Sporobulus platensis 
Stipa neesiana 
Carexphalaroides 
Stipa papposa 
Ambrosia tenuifolia 
Juncus imbricatus 
Heleocharis sp. 
Stenotaphrum 

secundatum 
Panic-urn millioides 
Panicum gouinii 
Panicum bergii 
Piptochaetium 

montevidense 
Aristida murina 
Stipa bavioensis 
Setaria geniculata 
Agrostis hygrometrica 
Bromus unioloides 
Alophia amoena 
Lillaea sp. 
Eragrostis lugens 
Forbs 
Other grasses 
Standing dead 
Litter 

38.9 34.1 33 
1.8 

32.7 27.4 40 
24.4 20.0 33 

1.6 33 9.3 

16.2 11.0 40 

6.8 40 

15.7 14.9 33 27.5 20.4 40 
16.7 20.0 33 0.1 0.9 40 
3.7 13.6 33 2.0 5.5 40 

0 0 33 2.4 12.3 40 
1.5 1.7 33 1.2 1.9 40 
1.9 3.9 33 2.9 2.4 40 
4.6 9.9 33 19.2 32.7 40 

31.0 25.4 33 17.4 16.8 40 
16.8 18.3 33 15.3 15.0 40 
21.4 10.4 33 30.1 18.4 40 

0 0 33 8.3 6.4 40 
0.2 0.8 33 0 0 40 

0 0 33 0 0 40 
0 0 33 0 0 40 

0 0 33 0 0 40 0.7 1.640 0 040 0 040 
0 0 33 0 0 40 0.3 1.440 0 040 0 040 
0 0 33 0.4 1.2 40 I.5 7.2 40 0 0 40 0 0 40 
0 0 33 0 0 40 0.1 0.6 40 0 0 40 0 0 40 

0 0 33 0 0 40 0.3 1.7 40 0 040 0 040 
0 0 33 0 0 40 0.2 0.4 40 0 0 40 0 0 40 
0 0 33 0 0 40 0.1 0.1 40 0 040 0 040 
0 0 33 0 0 40 0 0 40 0.1 0.2 40 0 0 40 
0 0 33 0 0 40 0 0 40 0.1 0.4 40 0 0 40 
0 0 33 0 0 40 0 0 40 0.1 0.2 40 0.2 0.1 40 
0 0 33 0 0 40 0 0 40 0.7 0.7 40 0.1 0.1 40 
0 0 33 0 0 40 0 040 0 0 40 0.1 0.2 40 

18.3 12.3 33 7.8 6.4 40 7.0 5.9 40 4.0 5.2 40 0.8 0.9 40 
1.9 2.1 33 4.0 3.3 40 6.4 9.5 40 I.5 1.7 40 1.2 1.6 40 

276.8 128.5 33 398.6 Ill.9 40 387.1 152.4 40 430.8 132.8 40 443.9 124.4 40 
137.6 54.4 33 137.6 54.4 40 125.6 65.8 40 81.3 50.7 40 129.9 53.3 40 

NPP with method 1 
Adjusted NPP with 

method 1 
NPP with method 2 
Adjusted NPP with 

method 2 

188.1 

47.7 
430.2 

195.7 

16.0 15.5 40 2.4 2.3 40 1.2 1.0 40 
18.3 17.7 40 39.2 24.4 40 65.5 39.5 40 
21.8 15.5 40 26.3 14.3 40 48.9 23.1 40 

19.1 4.4 40 6.9 4.7 40 5.8 4.5 40 
0 0 40 1.2 2.3 40 0.1 0.1 40 

0.5 2.4 40 1.3 3.3 40 I.0 3.8 40 
6.5 40.3 40 0.7 3.1 40 0.7 2.4 40 

::: 
1.6 40 0.1 0.3 40 0.2 0.2 40 
3.0 40 2.5 2.0 40 2.2 1.8 40 

11.0 24.1 40 13.7 25.9 40 8.5 25.7 40 
18.0 113.0 40 19.4 151.3 40 22.5 21.2 40 
12.7 107.9 40 20.4 24.7 40 34.2 36.4 40 
24.4 15.5 40 16.2 7.7 40 13.2 8.0 40 
14.6 12.1 40 2.2 I.5 40 1.2 1.3 40 
0.1 0.4 40 0 040 0 040 
0.1 0.4 40 0 0 40 0 0 40 
0.5 2.0 40 0 0 40 0 0 40 

14.4 21.2 45 
51.2 29.8 45 
33.5 15.9 45 

16.0 15.7 45 
0 0 45 

1.8 7.2 45 
0.8 3.4 45 
I.5 2.6 45 
2.8 2.8 45 

12.6 29.9 45 
33.0 23.5 45 
21.9 25.8 45 
17.4 9.2 45 
5.3 5.6 45 

0 0 45 
0 0 45 
0 0 45 

0 0 45 
0 0 45 
0 0 45 

I.4 6.3 45 

0.1 019 45 
0 0 45 
0 0 45 
0 0 45 
0 0 45 
0 0 45 
0 0 45 
0 0 45 

3.7 3.7 45 
5.4 4.7 45 

628.8 173.1 45 
128.5 53.6 45 

taking into account senescence and decay (Sala et al. 1981). The 
senescence correction is calculated as the increases in standing 
dead that are not justified by the sum of the decreases in the live 
biomass of individual species. For example, if between time 1 and 
time 2 a set of species shows a decrease in live biomass of 10 g.m-‘, 
but the increase for the same period in standing dead biomass is 15 
g. rne2, the difference of 5 g.mm2 represents the senescence adjust- 
ment which is added to the estimates of Method 1. The decay 
correction involves decreases in standing dead biomass that are not 
justified by increase in litter. For example, if between 2 sample 
periods the increases in litter are higher than the decreases in 
standing dead biomass, the difference represents a decay adjust- 
ment and is added to the estimates of Method 1. For the rationale 
behind these adjustments see Sala et al. (1981). 

Adjustments for increases in standing dead and litter are 
accomplished with the use of the same 4 steps of example 1. 
Decreases in live and standing dead biomass between 2 sample 
periods can be treated as increases by changing the time direction 

(Bl-B2 rather than B2-Bl, which is equivalent to calculating the 
Abs(BZ-B 1)) and adjusted by following the same 4 steps of example 
1. For example, let’s look at the case of forbs in the December 1974 
to January 1975 interval: (a) we first check that the decrease in live 
biomass of -10.5 g.mm2 is in fact statistically significant (which it is 
at p<O.O5); and (b) as in step 3 of example 1 we calculate the 
adjustment by solving the system of equations (1) and (2) of the 
Appendix. In this case E(NPP) q  Abs(-10.5) = 10.5, Var (NPP) q  

(12.3)2 + (6.4)2 q  192.25, z = -10.5/(192.25)‘” = -0.76, p = 1 - 
P(Z<-O.76) = 0.22. The adjusted decrease of biomass was 5.1 g.me2. 
Danthonia montevidensis, Lalium multiflorum. Stipa neesiana 
also had significant decreases in live biomass for the period, which 
amounts to 8.2, 16.6, and 13.6 g.me2 respectively. The correspond- 
ing adjusted values are 0 (the actual adjusted value is -5.6, thus the 
0), 9.5 and 0 (actual value -4.5). For the same period, there is a 
significant increase in standing dead of 121.8 g.mm2 (49.9 g.mm2 
adjusted) which is greater (p<O.O5) than the sum of the decreases 
(adjusted and nonadjusted) in live biomass of individual species. 
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The senescence correction factor is then equal to a nonadjusted 
72.9 g.m-’ (121.8-8.2-16.6-13.6-10.5) and adjusted 35.3 g.m-’ 
(49.9-9.5-5.1). The decay correction is calculated in a similar 
manner using decreases in standing dead and increases in litter. 
This procedure is repeated for every consecutive date that shows 
significant differences in standing dead and litter. NPP is then 
calculated by adding the correction factors to the NPP estimates of 
Method 1 (Table 2). 

Discussion and Conclusions 

The main methodological difference between the 2 examples 
shown in this paper is number of taxonomic (species) and tissue 
categories (live biomass, standing dead, and litter) used. We used 
only 1 category (total root biomass) in example 1, while in example 
2 we used 33 (live biomass of 31 species plus standing dead and 
litter). The differences found between nonadjusted and adjusted 
(for overestimation) estimates of NPP in example 2 were 394% for 
method 1 and 455%for method 2, which are far higher than the one 
found in example 1 (200%). This differences can be explained by 
another of Sala et al. (1988) results that showed that increasing the 
number of sampling components is equivalent to increasing the 
frequency of sampling, both of which lead to increases in NPP 
overestimation if values are not properly adjusted. If adjustments 
are performed, however, increasing the number of plant categories 
sampled, the frequency of sampling, or both, increases the accu- 
racy of the NPP estimates by reducing the biomass peaks that are 
missed, and by accounting for senescence. We want to emphasize, 
however, that overestimation is not the only factor that can affect 
estimates of NPP based on harvest techniques. The main source of 
error is still the difference between the concept of NPP and the way 
we calculate it. In a strict sense NPP is the difference between the 
energy fixed by autotrophs and their respiration. All the tech- 
niques we commonly use to estimate NPP are an approximation to 
that value and thus, as we explained before, tend to lead to under- 
estimation. The peculiarity of the overestimation problem, how- 
ever, is that it is strictly the result of a statistical artifact related to 
the empirical way we estimate NPP and thus can be rigorously 
dealt with by the use of an appropriate statistical method. Adjust- 
ments for overestimation do not guarantee an accurate estimate of 
NPP but eliminate an unneeded source of error. 

The general conclusions that can be made on the subject of 
overestimation are as follow: 

1. Random errors associated with field estimates of above- or 
belowground biomass do not cancel each other but always result in 
a positive bias which may result in overestimation of NPP. 

2. The overestimation in NPP increases (as a percentage) with 
(a) increases in the variance of biomass estimates, (b) decreases in 
the difference (though still statistically significant) in mean bio- 
mass between time periods, and (c) increases in the frequency of 
sampling and/or the number of tissue categories and taxonomic 
groups sampled. This overestimation can be as high as 700%. We 
presented examples with overestimation in the 200% to 400% range 
for above- and belowground NPP. 

3. Sala et al. (1988) developed the statistical theory for the 
overestimation problem and the analytical solution to deal with it. 
The authors have developed a computer&rogram to implement it. 
The program can be run on any IBM compatible PC and is 
available from the authors free of charge (send a blank diskette). 

4. Once adjustments for overestimation are performed, more 
sophisticated methods for field estimations of NPP that involve 
frequent sampling, separation of live and dead material, estimation 

of decomposition rates, and estimation of C translocation (Sala et 
al. 1981) can be safely used to obtain more accurate estimates of 
NPP without incurring overestimation. 

5. Adjustments for overestimation in NPP are critical in range 
management because of the central role that estimates of plant 
production have in determinations such as range condition and 
stocking rates, the design of grazing systems, and the estimation of 
animal consumption. 

APPENDIX 

In this section we present statistical relationships between actual 
and field estimations of NPP developed by Sala et al (1988). 

1. Distribution function of NPP estimates 

FNPPWP) = q + GcNPP(NPP) (Cumulative Distribution) where 

GcurP(NPP) = (27r)-1’(op)-1~~ e-IIz(x-r)/c)2 dx 

/A and u represent the mean and variance of the real difference in 
biomass between time 1 and time 2 (the real NPP), q is the 
probability of measuring a decline of biomass in the time 1 - 
time 2 period when there is actually an increase, p = l-q, and 
NPP is the estimated NPP (Figure lc,ld). 

2. Relationship between the field estimated and actual mean 
and variances of NPP 

E(NPP) = pp + 0(2rr)-‘” e1/2b/0)2 (1) 
Var(NPP) = p$( l-p) + par + pa(2~)-‘~ e-t/2(~/~)2 (1-2~) 
_ c2(27r)-’ e(r/42 (2) 
where E(NPP) and Var(NPP) are the mean and variance of 
the field estimates of NPP. 

3. Overestimation error 
OE = e(2,+‘@ e-1fi(@/u)2 _ qp 
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Comparison of four methods of grassland productivity 
assessment based on Festuca pallescens phytomass data 
GUILLERMO E. DEFOSSti AND M.B. BERTILLER 

Abstract 

The relative utility of 4 methods for grasslands above-ground net 
primary productivity (ANPP) assessment were evaluated. These 
methods, applied to a set of phytomass and litter data collected at 
about bimonthly intervals for 2 years in a Festuca pallescens (St. 
Yves) Parodi grassland steppe of southwestern Chubut, Argentina, 
were: (1) summation of positive increments of green (live) biomass 
between harvests, (2) summation of positive increments of total 
phytomass between haNeStS, (3) summation Of pOSitiVC increments 
of green biomass between harvests plus correction factors which 
accounted for the concomitant increases in dry, old dead, and 
litter, respectively, and (4) mdhemrtical model of simultaneous 
differential equations which fitted the values of phytomass data 
obtained in the field. Method 1 gave consistently (p10.05) the 
lowest ANPP values in both years. Productivity values obtained 
with methods 2,3, and 4 were highly correlated and did not differ 
significantly (~60.05) with each other. Their estimates varied from 
94.8 to 105.3 g of dry matter per mz for the first year and from 73.0 
to 149.4 g of dry matter per m* for the second year. These values are 
within the range of productivity given for other climatologically 
and physiognomically similar semiarid grasslands of North Amer- 
ica. Each method except 1 provided reliable estimations of ANPP 
for the grassland studied. Methods 2,3, and 4 can also be used to 
assess ANPP in any other grassland with similar characteristics. 
Each one, however, might have particular applications according 
to the specific objectives pursued. 

Key Words: Festuca pallescens, dynamic model, Patagonla 

Aboveground net primary production (ANPP), defined as the 
biomass per unit of time which is incorporated into the aerial parts 
of the plant community, is one of the parameters of most value for 
rational range development planning (Le. Houtrou et al. 1988). 

While the concept of ANPP is simple to define, its measurement 
is not so simple, especially when dealing with natural grasslands. In 
these ecosystems, several methods have been proposed for ANPP 
estimation. These methods varied from indirect nondestructive 
techniques based on gas exchange techniques (Billings et al. 1966, 
Bingham et al. 1980), allometric equations (Johnson et al. 1988), 
and capacitance meter (Currie et al. 1987), to the direct and more 
generalized which involve periodic harvest of phytomass (Krish- 
namurthy 1979). 

During the last decade, several studies focused on the rationale 
behind different methods for grassland ANPP estimation based on 
series of phytomass data (Kennedy 1972, Lauenroth 1973, Kelly et 
al. 1974, Singh and Yadava 1974, Singh et al. 1975, Krishnamurthy 
1979). These studies showed that different methods of calculation 
applied to the same set of phytomass data generally produce 
ANPP values which are highly correlated with each other, 
although they may yield significantly different ANPP estimates. 
These studies also showed that since there is no procedure available 
to obtain the true ANPP value for comparison, each method may 
have its merits and demerits according to the type of vegetation 
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b a grant from Consejo National de Investlgaciones Cientificas y Tircuicas 
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Acknowledgment is given to NicoUs Ayling and his family, who provided their 
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sampled and the particular objectives pursued. 
In the Argentine Patagonia, herbage yield and carrying capacity 

of different rangeland areas have been estimated mainly based on 
empirical observations. Rangeland deterioration caused by over- 
grazing appeals for a more rational setting of stocking rates, for 
which the knowledge of reliable estimations of ANPP is of funda- 
mental interest. 

The objective of this study was to compare 4 methods of assess- 
ing ANPP of a grassland steppe of Festucapallescens (St. Yves) 
Parodi, to determine their relative utility based on theoretical and 
utilitarian considerations. 

Methods 

Study Area 
Phytomass data were obtained from an area that was excluded 

to grazing in 198 I at Media Luna Ranch (45’ 36’ S, 7 lo 25’ W) in 
the province of Chubut, Argentina. This area, representative of the 
sub-Andean Floristic District of the Patagonian Phytogeographic 
Province (Soriano 1956), is a homogeneous grassland steppe 
widely dominated by the tussock grass F. pallescens. This species, a 
typical cool-season grass which maintains active tillers the entire 
year, is one of the best Patagonian forage grasses because of its 
palatability and preference by sheep (Boelcke 1957, Parodi 1959). 

The climate of the area is semiarid, cold in winter and warm in 
summer with the growing season extending from September 
through April. Mean annual temperature is 4.5” C, and warmest 
month is January (mean temperature 11.7’ C) and the coldest July 
(mean temperature -3.7’ C). Annual rainfall averages 374 mm, 
67% of which occurs in fall and winter in the form of either rain or 
snow. Sdils are sandy-loam, fine gravelly on the surface and stony 
below (Xerorthents) (Beeskow et al. 1987). 

Data Collection 
We used a set of aerial phytomass and litter data collected within 

the exclosure at about monthly or bimonthly intervals for 2 years 
(fall 1981 to fall 1983) to comprise 2 full growing seasons. Fifteen 
circular plots 1 m in diameter were randomly located within the 
exclosure at every sampling date. The phytomass inside each plot 
was harvested to ground level and litter collected. The number, 
size, and shape of the plots used produced phytomass data of F. 
pallescens within 10% of error of the mean at the 5% probability 
level according to Milner and Hughes’ (1970) formula. Phytomass 
was separated by species into green, dry, old dead, and litter 
components (DefossC et al. 1990), ovendried at 70” C to constant 
weight, and weighed. From this set, and for practical purposes of 
calculation of this study, we only used data of F. pallescens. since 
this species comprised more than 95% of all phytomass sampled 
throughout the study period. 

Methods of ANPP Calculation 
(I) Summation of positive increments of green phytomass 

between harvests (Krishnamurthy 1979), hereafter method I; (2) 
summation of positive increments of total phytomass between 
harvests (Singh et al. 1975), hereafter method 2; (3) summation of 
positive increments of green phytomass plus correction factors 
which accounted for the concomitant increases in dry, old dead, 
and litter, respectively, hereafter method 3. The estimated annual 
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ANPP with this method is: ANPP =% Gc + Dc + Gdc + Lc where: 
i=l 

Gc q  A+ Green / t2 -t 1 (if the value is negative, is called S) 
DC q  (A+Dry/ t2-tl)- s ; (DcLO) 

Ode = (A+ Old Dead / t2 - tl) - A- DC ; (OdcLO) 
Lc q  (A+ litter / t2 - tl) - A- Ode ; (LCZO) 

This method accounts for the phytomass transfer between compo- 
nents during each sampling interval (ts-tl), and at the same time 
avoids any double addition (Krishnamurthy 1979). It is conceptu- 
ally similar to the method used by Sala et al. (1981) to estimate 
ANPP of a temperate grassland. The constraint used for methods 
1,2, and 3 was that for each phytomass component the increments 
were added only if mean values were significantly different 
b<O.O5) from one period to the next. Differences in mean values 
of each phytomass component were analyzed by an ANOVA and 
mean separation was by Fisher’s LSD procedure (Ott 1984). The 
last method, hereafter method 4, is a mathematical model of simul- 
taneous differential equations with time variable coefficients 
between intervals (Fig. l), which fitted mean phytomass values 
obtained in the field plus or minus the confidence interval at 
p<O.O5 (Ares 1978, Bertiller 1984). Mean phytomass values of 

green dry, old dead, and litter obtained during the first sampling 
date are thus introduced in the model as the initial values. The time 
variable coefficients fG, which represent relative rates of the pro- 
cesses of productivity, senescence, death, and decomposition are 
estimated by iteration until the calculated phytomass values fit 
those obtained in the subsequent sampling dates (k confidence 
interval at p<O.O5). These coefficients are assumed to be constant 
between 2 sampling dates. With this method, daily ANPP is esti- 
mated as: 

ANPP (g rn-* day-‘) = fol (g g-’ day-‘) XI (g m-‘). 

The model assumes that during a specific time interval, at least one 
of these processes (productivity, senescence, death, or decomposi- 
tion) does not occur simultaneously with each other, and thus is 
taken as 0. The decision of which coefficient is taken as 0 during a 
specific time interval is based on biological rationale by inspecting 
the biomass slopes of all components during that time interval 
(Bertiller 1984). 

Relationships among estimates obtained with the 4 methods 
were investigated by correlation and simple regression analyses 
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iI,, = XIJ - fat - %,t *fl2 Xl(t+l)= i,(t)* *t + xi (1) 

i2,1 = xl,t. f~2 - x2,t *f23 X2(1*1)= i2(t)* At + x2(t) 

. 
x3.t = x2,1 *f23 - x3,t l f34 x3(t+l)=i3(11 *At + x3(t) 

. 
x4.1 = X3,t - f34 - X4,l of45 x4(1+1) = i4(w*t + X4(t) 

h,, = x4,1 *f4s 

&, 1’ first order time derivative (g.me2. day-‘) 

X n,l= state variables ( g. rnm2) 

f/i’ = time variable specific activity coefficients (g.i’.daj’) 

Fig. 1. Diagram showing tbe energy flow in the grassland of Festucupdkcens in Patagonir (Top). Boxes represent state variables, circlea represent the 
energy source (Sun) and sink (soil). Arrows are flows (solid lines) or control of flowe (dashed lines). 
Linear homogeneous differential equations @ottom) of the compartment model used to compute ANPP from Green(Xl), Dry (X2), Old dead (Xg), end 
Litter (X4) according to Ares (1978) and Bertiller (1984). 
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Table 1. Above-ground net primary productivity (ANPP) values obtained by applying different methods1 to the same set of Fesfimzpdksceru phytomass 
data (in g mm2 ~&III-~). 

Season 

fall 
winter 
spring 
spring 

spring/ summer 
summer 

fall/winter 
winter/ spring 

spring 
spring 
summer 
summer 

Growth Period 

(Date) (Date) 
1 22 May to 12 Aug. 
2 12 Aug. to 17 Sept. 
3 17 Sept. to 21 Oct. 
4 21 Oct. to 2 Dec. 
5 2 Dec. to 15 Jan. 
6 15 Jan. to 18 Mar. 

Total 

7 18 Mar. to 10 Aug. 
8 10 Aug. to 29 Sept. 
9 29 Sept. to 9 Nov. 

10 9 Nov. to 21 Dec. 
11 21 Dec. to 9 Feb. 
12 9 Feb. to 21 Mar. 

Total 

Method 
1 2 3 4 

(Days) ________------- (gm-‘period-‘)_______________ 
82 0.0 0.0 0.0 0.0 
36 0.0 0.0 0.0 3.0 
34 7.2 0.0 7.2 7.4 
42 8.2 20.2 8.2 8.3 
44 0.0 23.4 28.2 32.7 
61 0.0 55.8 51.2 53.9 

300 15.4 99.4 94.8 105.3 

146 0.0 0.0 0.0 0.0 
50 7.5 0.0 40.6 7.4 
41 12.4 0.0 12.3 12.8 
42 0.0 0.0 0.0 0.0 
43 0.0 0.0 28.3 16.2 
47 9.7 73.0 68.2 44.3 

369 29.6 73.0 149.4 80.7 

‘Methods are: 
I = Summation of positive increments of green phytomass between harvests 
2 = Summation of positive increments of total phytomass between harvests 
3 = Summation of positive increments of green phytomass plus correction factors which accounted for the concomitant increases in dry, old dead, and litter, respectively. 
4 = Mathematical model of simultaneous differential equations with time variable coefficients. 

(Sokal and Rohlf 1981). 

Results and Discussion 
Above-ground net primary productivity values per sampling 

period, estimated with the 4 different methods, are shown in Table 
1. The values for the first year (300 days) ranged from 15.4 g of dry 
matter per m* with method 1 to 105.3 g of dry matter per rnz with 
method 4. Aerial productivity for the 369day period of the second 
year ranged from 29.6 g of dry matter per m* with method 1 to 
149.4 g of dry matter per rnz with method 3. Method 1 consistently 
produced the lowest values of ANPP accumulated, representing 
only 15 and 20% of the maximum estimate for the first and second 
year, respectively. Methods 2,3, and 4 produced ANPP estimates 
which are highly correlated and do not significantly differ @<0.05) 
from each other, whereas method 1 was poorly correlated with the 
other 3 methods and yielded significantly different (p<O.OS) esti- 
mates (Table 2). Considering the ANPP per sampling period, 

Table 2. Simple correlation matrix coefficients comparing tbe 4 methods.’ 

Method 

1 
2 
3 
4 

1 

1.00 

Method 
2 3 4 

0.18* 0.26* 0.07* 
1.00 0.81 0.89 

1.00 0.85 
1.00 

‘Methods are: 
I = Summation of positive increments of green phytomass between harvests 
2 = Summation of positive increments of total phytomass between harvests 
3 = Summation of positive increments of green phytomass plus correction factors 

which accounted for the concomitant increases in dry, old dead, and litter, 
respectively. 

4 = Mathematical model of simultaneous differential equations with time variable 
coefficients. 
*Significantly different at p50.05. 

similar values were computed by methods 1,3, and 4 during early 
and mid-spring, when senescence rates of F. pallescens are very low 
(Bertiller and Defosk 1990). Method 1, however, failed in detect- 
ing the productivity that occurred during mid-summer, when 
senescence rates of this species are very high (Bertiller and Defossb 
1990). Since method 1 did not account for the senescence process, it 
underestimates the real ANPP of this grassland during mid- 
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summer. This is in agreement with several studies (Lauenroth 1970, 
Milner and Hughes 1970, Singh and Yadava 1974), whidh pointed 
out that the consideration of live component only may lead to 
serious underestimates of ANPP. Singh et al. (1975) arrived at the 
same conclusion by applying method 1 to phytomass data of 
several semiarid grasslands of North America. This method, thus, 
should be discarded for ANPP estimation in either this or any 
other grassland with similar phenological and climatological 
characteristics. 

Considering the daily rates of ANPP (in g m” day-‘) the highest 
values were recorded in late summer by the methods which 
included the senescence process (2, 3, and 4), whereas method 1 
presented them in spring (Table 3). 

Although F. pallescens lacks dormant periods and shows some 
active tillers during winter (Soriano 1956, Defosst et al. 1990) no 
productivity was detected by any method from late summer to late 
winter. In early spring of the second year a high value of productiv- 
ity was computed by method 3. This high estimate was caused by 
an unusual increase observed in mean values of litter, which 
weighed more than any other component in the estimation of 
ANPP during this period. Litter has also been considered the most 
difficult component to utilize in ANPP calculations because of its 
variability (Singh et al. 1975), and this was corroborated in our 
study. While the coefficients of variability (C.V.) of green, dry, and 
old dead components ranged from 8 to 14%, C.V. of litter varied 
from 13 to 24% at all sampling dates. 

The values obtained with methods 2, 3, and 4 are within the 
range of above-ground productivity given for other semiarid grass- 
lands of North America with similar climatic and physiognomic 
characteristics. In a native grassland of Montana with 3 13 mm of 
annual precipitation and of a mean annual temperature 5.3’ C. 
Black (1968), for example, reported ANPP of 122 g mm2 year-‘. 
Redman (1975) estimated ANPP of a grassland of western North 
Dakota with 350 mm of annual precipitation and 4.8’ C mean 
temperature as 144 g mm2 year-‘. In Sundance, Wyoming, USA, 
Cosper et al. (1967) estimated an ANPP of 76 gm-* year-’ for an 
area with 380 mm annual rainfall and 6.8’ C mean annual tempera- 
ture. Redente et al. (1988) estimated ANPP of a native grassland in 
Wyoming as 118 g m-* year-’ using a procedure similar to our 
method 3. It is assumed that methods 2,3, and 4 produced reliable 
ANPP estimates for the grassland studied. 



Table 3. Daily values of above-ground net primary productivity (in g m-* day-l). Periods 1 to 6 represent the first year, while periods 7 to 12 the second 
year. 

Season Growth Period 1 
Method 

2 3 4 

fall 
winter 
spring 
spring 

spring/ summer 
summer 

(Date) 
1 22 May 
2 12 Aug. 
3 17 Sept. 
4 21 Oct. 
5 2Dec. 
6 15 Jan. 

fail/ winter 7 18 Mar. 
winter/ spring 8 10 Aug. 

spring 9 29 Sept. 
spring 10 9 Nov. 
summer 11 21 Dec. 
summer 12 9 Feb. 

(Date) 
to 12 Aug. 
to 17 Sept. 
to 21 Oct. 
to 2 Dec. 
to IS Jan. 
to 18 Mar. 

to 10 Aug. 
to 29 Sept. 
to 9Nov. 
to 21 Dec. 
to 9 Feb. 
to 21 Mar. 

(Days) _______________(gm”peri~~‘)--------------- 
82 0.00 0.00 0.00 0.00 
36 
34 
42 
44 
61 

146 
50 
41 
42 
43 
47 

0.07 
0.21 
0.19 
0.00 
0.00 

0.00 
0.15 
0.30 
0.00 
0.00 
0.21 

8:: 
0.48 
0.53 
0.91 

0.00 
0.00 
0.00 
0.00 
0.00 
1.55 

0.07 
0.22 
0.19 
0.64 
O.% 

0.08 
0.22 
0.19 
0.74 
0.89 

0.00 0.00 
0.81 0.15 
0.30 0.31 
0.00 0.00 
0.34 0.38 
1.47 0.94 

‘Methods are: 
1 = Summation of positive increments of green phytomass between harvests 
2 = Summation of po$e jncrements of total phpomass between harvests 
3 q  Summatio? of posltlve mcrements of green phytomass plus correction factors which accounted for the concomitant increases in dry, old dead, and litter, respectively. 
4 = Mathematxal model of simultaneous differential equations with time variable coefficients. 

Excluding method 1 for the reasons above mentioned, and from 
an utilitarian point of view in which no specific values per period 
are needed, method 2 seems to be a good choice. It requires less 
effort than methods 3 and 4 because it does not require phytomass 
separation into components, although it seems less precise in 
ANPP estimation per sampling interval. This method seems to be 
useful when a large number of plots needs to be sampled or 
different sets of data for a big area need to be. evaluated. Methods 3 
and 4 seemed to be. the most reliable for ANPP assessment from a 
theoretical point of view, since the inclusion of different phytomass 
components in ANPP estimation allows for minimal loss of infor- 
mation. This gain in information should be balanced, however, 
against higher labor costs. The model (method 4) seems to be more 
precise in ANPP estimation than method 3, which is based only on 
mathematical manipulation of the phytomass data. The major 
advantage of the model resides in its flexibility to allow for external 
manipulations, which can include the simulation of the action of 
herbivores with different stocking rates, etc. Having animal con- 
sumption and preference data available, for example, a subtractive 
term can be easily incorporated into the first equation of the m.odel. 
This will permit more precise setting of stocking rates than those 
based on both empirical observations or mathematical manipula- 
tion of the data (Ares 1978). With a similarly constructed model, 
for example, Turner (1988) simulated the carbon flow of a Sparrina 
alferniforu Loisel. marsh, and used it to estimate an acceptable 
population size of feral horses. 

In this paper we compared 4 methods for grassland ANPP 
estimation based on F. pallescens phytomass data. While method 1 
underestimated the productivity of the range, the other 3 methods 
produced reliable ANPP estimations for the grassland studied. 
According to the objectives pursued, any of these may be success- 
fully used to obtain reliable estimations of the production of differ- 
ent grassland areas of Patagonia or elsewhere, providing either 1 
species is dominant or several grass species have similar phenology. 
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Estimation of fecal output with an intra-ruminal continuous 
release marker device 
DON C. ADAMS, ROBERT E. SHORT, MICHAEL M. BORMAN, AND MICHAEL D. MACNEIL 

Abstract 

Effhxcy of a continuous release marker device (CRD) contain- 
ing chromium oxide to estimate fecal output was evaluated in two 
It-day grazing trials with beef steers (n q  10, trial 1; n q  7, trial 2). 
Trial 1 was conducted on mature green irrigated tall wheatgrass 
(Elytrigiaponticu[Podp.] Holub) pasture during September. Trial 
2 was conducted on dormant native range during December. Fecal 
output was determined by total fecal collection (TFC) and the 
CRD for each steer. Fecal output estimates from the CRD were 
based on a chromium release rate (980 mg/day) provided by the 
manufacturer. Estimates of daily fecal dry matter output (kg) in 
trial 1 were 2.70 and 2.69, and in trial 2 were 3.19 and 2.89 from the 
TFC and CRD, respectively. Differences between TFC and CRD 
were not significant in trial 1 (P q  0.59) but were significant in trial 2 
(P<O.Ol). When averaged over days and animals, estimates of 
daily fecal dry matter from CRD were within 1% of TFC in trial 1 
and 10% of TFC in trial 2. Estimates of daily fecal dry matter from 
CRD were influenced by sampling day and steer (P<O.Ol); how- 
ever, there was no consistent pattern to day or animal variation. 
Multiple days and animals are required for both TFC and CRD. 
We conclude that CRD provides an acceptable estimate of daily 
fecal output. However, to improve accuracy, TFC can be used on a 
subsample of animals as a double sampling technique to adjust 
estimates derived from CRD. 

Key Words: beef cattle, pasture, rangeland, forage intake, chromic 
oxide 

Forage intake by grazing animals has generally been determined 
by dividing fecal output by forage indigestibility (Schneider and 
Flatt 1975). Fecal output has been estimated by total collection and 
by various external indicator techniques (Raleigh et al. 1980, Krysl 
et al. 1985, Cochran et al. 1987). Chromic oxide has been used 
widely as an external indicator for fecal output (Raleigh et al. 
1980). Daily dosing with chromic oxide is a useful external indica- 
tor technique, but estimates from this procedure have been plagued 
with high and low recoveries and erratic marker excretion patterns 
(Raleigh et al. 1980, Galyean et al. 1986). An intraruminal con- 
trolled release device (CRD) for chromic oxide has been developed 
for estimating fecal output in grazing animals (Ellis et al. 198 I, Ellis 
et al. 1982; Harrison et al. I98 I; Laby et al. 1984). The CRD greatly 
reduced the within-day coefficient of variation for fecal concentra- 
tions of chromium in sheep and cattle when compared with dosing 
chromic oxide in a gelatin capsule twice daily. 

Further research is warranted to determine the accuracy and 
precision of CRD estimates of fecal output. Additional work is 
needed to determine number of fecal samples and animals required 
for specific field objectives. Our objectives were to evaluate the 
CRD with different forages and environmental conditions and to 
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examine fecal sampling procedures. Our hypothesis was that with 
appropriate sampling procedures, the CRD would provide an 
estimate of fecal output equal to that obtained by total collections. 

Materials and Methods 

Two independent trials were conducted with beef steers using the 
CRD developed for cattle’ and total fecal collection (TFC). Trial I 
was conducted from 19 September (day I) to 8 October 1988, in a 
25-ha irrigated tall wheatgrass (Elyrrigiu ponrica [Podp.] Holub) 
pasture, with IO beef steers (average live weight = 330 kg). Trial 2 
was conducted from 22 November (day 1) to IO December 1988, in 
a 73-ha native range pasture with 8 beef steers (average light weight 
= 290 kg). Principal forage species in the native range pasture were 
western wheatgrass (Pascopyrum smirhii [Rydb.] Love), blue 
grama (Boureloua grucilis [H.B.K.] Lag. ex Griffiths), buffalo 
grass (Buchloe ducryloides [Nutt.] Engelm.), needle-and-thread 
grass (Sripu comuru Trin. and Rupr.), green needlegrass (Sripu 
viridulu Trin.), and threadleaf sedge (Curexfilifoliu Nutt.). Princi- 
pal shrubs were big sagebrush (Arremisu rridenruru Nutt. ssp 
wyomingensis Beetle and Young), silver sagebrush (Arremisia 
cunu Pursh), and greasewood (Surcobarus vermiculurus [Hook.] 
Emory.). 

On day I of each trial, steers were given a CRD orally. The 
release rate of the CRD, determined from grazing trials by the 
manufacturer, was 1,433 mg chromic oxide/ day or 980 mg Cr/ day. 
Manufacturer specifications state that 6 days after dosing the 
capsule, the mass of CrzOs being released by the capsule is equal to 
that being excreted in the feces. This steady state exists from day 6 
to day 20 and is the recommended period for fecal sampling. On 
days 6 through I8 each steer was fit with a fecal bag and TFC were 
made. Feces in bags were weighed, mixed, subsampled (B), and 
emptied beginning at 0800 each day during the collection period. 
At the same time, a rectal grab sample of feces (I50 to 300 grams) 
was collected (R). Chromium determination in the fecal sample 
obtained from TFC (sample B) has been used to correct for high 
and low chromium recoveries (Kartchner 1980). Our rationale for 
collecting the B sample was to determine if a recovery technique of 
this type would be of value with the CRD. 

Five esophageally fistulated steers (average light weight q  550 
kg) were grazed with the steers given the CRD during each trial. On 
days 9 and I5 of each trial, after an overnight fast, forage samples 
were collected from the fistula of each steer during a 30- to 45- 
minute grazing period. Fistula forage samples were cornposited 
across both collection days and steers for each trial. Fecal and 
fistula samples were dried at 45’ C and ground in a Wiley mill to 
pass a l-mm screen. Fistula samples were analyzed for dry matter 
and Kjeldahl nitrogen by standard procedures (AOAC 1984) and 
for neutral detergent fiber, acid detergent fiber, and acid detergent 
lignin according to Goering and Van Soest (1970). Results of 
chemical composition analyses for forages are presented in Table 
1. Fecal samples (R and B) were prepared for chromium analysis as 
described by Williams et al. (1962) and chromium concentrations 
were determined by atomic absorption spectroscopy. 

Method (TFC, B and R), steer, and day effects on fecal output 
estimates were evaluated with a split-plot analysis of variance. 
[Captec chrome manufactured by Captec Pty. Ltd., Australia, distributed interna- 
tionally by Nufarm Limited, Maw Street, Otahunu, P.O. Box 22407, Auckland 6, 
New Zealand. 
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Table 1. Crude protein (CP), neutral detergent fiber (NDF), acid detergent 
fiber (ADF), and acid detergent lignbt (ADL) percentages of forage 
samples collected from esopbageally-fistulated steers during 2 trials. 

Trial CP NDF ADF ADL 
___________%ofdrymatter __-_----- --- 

1 (tall wheatgrass) 7.8 71.9 50.6 5.4 
2 (native range) 5.3 74.6 57.6 5.6 

Effects of steer and day were random. Based on the expected mean 
squares (Table 2), steer effects were tested with the steer X method 
mean square as error; method effects were tested with a synthesized 
mean squares with the expectation 02, + klu’,,,.d + 1202-m, where k = 
10 in trial 1 and k = 7 in trial 2; day effects were tested with the day X 
method mean square; and steer X method effects and day X 
method effects were tested with the residual error mean square. 
Approximate degrees of freedom for the synthesized mean square 
are 21 in trial 1 and 20 in trial 2. A formula is presented using 
estimated variance to jointly minimize the cost of experiments with 
the CRD and the experimental error variance. 

Results and Discussion 

During trial 2, the chromium and concentration in the feces 
rapidly declined for 1 steer during the collection period. Either the 
bolus failed or it was regurgitated by the steer. Data from this steer 
was deleted from the statistical analysis. Following completion of 
these 2 grazing trials, we found several of the CRD in a drylot 
where the steers were housed. Hence, cattle can regurgitate the 
CRD. 

Method and steer effects and method X day interaction were 
significant (P<O.Ol) in both trials. Method X day interaction in 
trial 1 appears to be a result of B deviating from both TFC and R 
during several days mid-trial (Fig. 1). Individual steer fecal dry 
matter output estimates from the CRD deviated both positively 
and negatively from TFC (Fig. 2). During trial 2, both B and R 
underestimated fecal dry matter compared with TFC for the first 
several days (Fig. 3) and for several steers (Fig. 4). Steer and day 
effects indicate that multiple days and animals are required to 
obtain reliable estimates of fecal output by any of the 3 methods. 

Table 2. Analysis of variance tables, trials 1 and 2. 
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Fig. 1. Daily estimates of mean fecal production (kg) by 10 steers for total 
fecal collection (TFC), chromium concentration from sample obtained 
from the fecal bag (B), and by chromium concentration of fecal sample 
obtained from rectum of steers (R), Trial 1. 

Results from a study reported by Ellis et al. (1982) may provide 
partial explanation for the steer effect. Ellis et al. (1982) found that 
CRD retrieved through a rumen fistula had greater release rates 
than those undisturbed in intact cattle. They concluded that the 
difference in release rate between CRD in fistulated and intact 
animals was caused by disturbance of the releasing surface of the 
CRD. Therefore, variation in release of the CRD between animals 
in our study might have resulted from variable effects of forage 
movement within the rumen on the CRD releasing surface between 
animals. Further, inconsistencies in flow of the chromic oxide from 
the rumen and through other portions of the gastrointestinal tract 
might have occurred because the chromic oxide was not bound to 
plant fractions. Ellis et al. (1982) found that after day 2 in the 
rumen the release rate of chromium from the CRD was linear and 
concluded that variation of release rate between animals was 
mostly attributed to chromium measurement techniques. Other 
research (Laby et al. 1984) with the CRD has shown that the release 
rate of the CRD was independent of the diet consumed, age of 
animal and whether the animal was penned or grazing. Trials 

Source Degrees of freedom Sum of squares Expected mean squares 

(Trial 1) 
Model 62 86.56 
Steer’ 9 32.89 0’. + 12 I?,,, + 36 c2’ 
Method* 2 2.65 c2. + 10 Osmrd + 12 cs,*, + rzm 
Steer X Method) 18 1.76 c2. + 12 U211*, 

Day4 II 44.26 c2e + 10 Q2m*d + 30 CJ24 
Method X Day3 22 4.99 (II, + 10 u2,*d 

Error 297 23.71 2 
oe 

(Trial 2) 
Model 

Steer’ 
Method2 
Steer X Method3 

Day4 
Method X Day3 

Error 

53 45.63 

6 20.71 c2e + 12 c28*, + 36 c2’ 
2 4.46 (rs, + 7 02mrd + 12 cs*m + T2m 

I2 3.62 c2. + 12 CT*,*, 

11 10.87 osl+ 10a2,*d+21 t?* 
22 5.95 c2, + 10 oZ,*d 

198 23.47 2 
ue 

‘Steer main effect tested with steer X method expected mean square as error. 
*Method main effect tested with the following synthesized expected mean squa,m as error: (I’~ + ki ozmrd + 12 u~,.~, where k = 10 in trial 1 and k q  7 in trial 2. 
rSteer X method and method X day interaction terms tested with resrdual error mean square. 
4Day mam effect tested with method X day interaction expected mean square as error. 
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Fig. 2. Estimates of mean daily fecal production (kg) by each steer over 12 
days of collection by total fecal collection (TFC), by chromium concen- 
tration from sample obtained from fecal bag (B), and by chromium 
concentration of fecal sample obtained from rectum of steers(R), Trial 1. 

utilizing forage and concentrate diets in various forms (i.e., pel- 
leted or unpelleted) showed inconsistency of CRD release rate 
between diets (Bums et al. 1989, Pond et al. 1990). Because the 
manufacturer release rate was determined in grazing animals, the 
extent to which concentrate or pelleted diets can be related to the 
grazing animal is not clear. Variation of fecal production estimates 
based on chromium concentrations in B and R relative to TFC may 
have been a function of differences from manufacturer specifica- 
tions in payout of CrzOs from boluses and/ or subsampling errors 
affecting chromium recovery. 
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Fig. 3. Daily estimates of mean fecal production (kg) by 7 steers for each 
day by total fecal collection (TFC), chromium concentration from sam- 
ple obtained from the fecal bag(B), and by chromium concentration of 
fecal sample obtained from the rectum of steers (R), Trial 2. 

Trial 1 fecal output estimates (kg/day) were 2.70 (TFC), 2.51 
(B), and 2.68 (R). Method differences in trial 1 were significant 
between B and both TFC and R (Table 3). Fecal output estimates 
(kg/day) by TFC and R were similar. Trial 2 fecal production 
estimates (kg/day) were 3.19 (TFC), 2.93 (B), and 2.89(R). During 
trial 2, method differences were significant between TFC and both 
Band R (Table 3). Fecal output estimates by Band R were similar. 
When averaged across both steers and days, fecal output estimates 
by CRD were within 10% of TFC in both trials (Table 3). Recovery 
of chromium from the CRD could be checked and an adjustment 
made on fecal output by making TFC on a subset of experimental 

Table 3. Comparison of total fecal collection (TFC) and chromium deter- 
minations on feeal samples obtained from fecal bag(B) and rectally(R) 
as methods for estimating daily feeal dry matter output (kg/steer). 

Comparison 

Trial I Trial 2 
Percent Percent 

difference’ P2 difference P 

TFC-B 8 0.01 9 0.01 
TFC-R 1 0.81 10 0.01 

B-R -1 0.01 2 0.65 

‘Percent difference between compared techniques used toestimate daily fecal produc- 
tion averaged over all days and all steers within each trial. 
ZProbability level at which compared techniques provided significantly different 
estimates of daily fecal output. 

animals. A correction factor would be obtained by dividing the 
mean fecal output estimated from R by the mean fecal output 
estimated by TFC for the subset. The fecal output estimated from 
R for each animal in the experiment would be multiplied by the 
correction factor. A correction based on chromium concentration 
from a fecal sample taken from the fecal bag (method B) is not 
needed. 

Deviations from the 12-day mean by individual days and all 
combinations of days were evaluated for trial 1 to determine if 
some combination of fewer days could be used to accurately esti- 
mate the 12-day mean of estimated fecal production (data not 
shown). Results indicated that the CRD will accurately estimate 
fecal production for any given day. These analyses did not reveal 
criteria for selection of a subset of days to estimate fecal output for 
the entire 12day period. If an estimate of fecal production is 
desired for a period (e.g., 12 days), accuracy for the period will be 
greatest if all 12 days are sampled. The number of days required 
depends on the accuracy desired (i.e., more days sampled, within 
the 6 to 20day postdose period recommended by the manufac- 
turer, increases accuracy of the estimate for the period). Six to 
7day fecal collection trials have been successfully used to estimate 
fecal production in previous studies (Adams 1985, Adams et al. 
1987, Cochran et al. 1987). The 14-day sampling period provided 
by the CRD allows researchers to sample all or some subsample of 
days within that period. Since intensive handling of animals has 
been shown to affect grazing activity (Cochran et al. 1987), collect- 
ing samples on alternate days may reduce effects due to handling 
and still allow estimates of fecal production over 6 to 7 days within 
a trial. 

EZZ TFC 
4.5 1 
4.0 

2 3.5 

; 3.0 

4 2.5 

2 2.0 

2 1.5 
.= 
; 1.0 

0.5 

1 2 3 4 5 6 7 
Steer Number 

Fig. 4. Estimates of mean daily fecal production (kg) by each steer over 12 
days of collection by total fecal collection (TFC), by chromium concen- 
tration from sample obtained from fecal bag (B), and by chromium 
concentration of fecal sample obtained from rectum of steers(R), Trial 2. 
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Animal and Day Requirement Calculations 
The following procedure (Gill f978) can be used to calculate the 

combination of number of animals and number of days required in 
a trial to minimize experimental error given a fixed budget. The 
variance of a treatment is 0 2X = (0’. + da2.)/ds, where d = number of 
daysand s=numberofsteers. Let thecost perday becland thecost 
per steer be cs. The value of d that jointly minimizes the cost of the 

experiment and u2. is d’= 4 [(cz/c~)(a”~/o’.]. If the allowable cost 
of the experiment if fixed at $/treatment (trt), then S q  clsd’ + ~2s 
and s’ = %/(cld’ + CZ). 

For example, pooled estimates of the between steer and error 
variance components obtained from trials 1 and 2 are: u2. = 0.0932 
and c2 - e - 0.0954. If lab analysis, labor, etc. for each day’s sample 
costs (cl) q  $15 and each steer costs (cs) = $300 (costs for this 
example are hypothetical), given our estimate of u2, and u2,, we 
have 

d’ = Y/ [(300/ 15)(0.0954/0.0932)] = 4.42 

and if $30OO/trt is available, then 

s’ = 3000/[(15 * 4.42) + 3001 q  8.19 

Therefore, fecal samples collected from 8 steers on 4 days would 
minimize experimental error within the specified resources. 

Calculations to determine numbers of animals and days required 
to estimate fecal output within a defined level of confidence can 
also be made with information derived from the analysis of var- 
iance table (Table 2). 

Conclusions 

CRD appears to be a reliable method for obtaining estimates of 
fecal dry matter output in grazing trials. In this study, estimates of 
fecal output from (R) were within 10% of estimates from TFC. 
However, TFC could be used on a subset of animals as a double 
sampling technique to correct for possible CRD payout differences 
from manufacturer specifications and/ or subsampling influences 
on chromium recovery. Further studies with grazing animals are 
needed to evaluate the influences of forage quality and class and 
condition of animal on estimates of fecal output by CRD. Both 
TFC and CRD require multiple sample days and animals. Number 
of days required will depend on 2 factors: (1) the number of days 
for which an estimate of fecal production is desired (up to 14 days, 
manufacturer specifications), and (2) the degree of accuracy with 
which fecal production is to be estimated. Accuracy improves with 
an increasing number of days sampled within the time period for 
which an estimate of fecal output is desired. Sampling alternate 
days would reduce the influence of handling on animal behavior 
and still allow 6 to 7 estimates of fecal production within a trial. 
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Grazing behavior and forage preference of sheep with 
chronic locoweed toxicosis suggest no addiction 
M.H. RALPHS, K.E. PANTER, AND L.F. JAMES 

Abstract 
Addiction is commonly cited as a clinical sign of locoweed 

(Astragalus spp. and Oxytropis spp.) poisoning. In a previous 
study, ewes progressively poisoned on locoweed (“locoed”) in 
cafeteria trials did not become addicted to locoweed. Following a 
year of recovery, these ewes were allowed to graze locoweed- 
infested rangeland to determine if there was any residual prefer- 
ence for, or addiction to, locoweed. Neither the locoed nor control 
ewes consumed appreciable amounts of locoweed on rangeland 
where associated forage was succulent and actively growing, and 
where grazing pressure was sufficiently low to allow selective graz- 
ing. There was no residual preference for locoweed in previously 
locoed ewes. However, locoed ewes often exhibited sudden invol- 
untary seizures when attempting to take a bite of forage. The head 
would tremble and tuck up under the brisket in a bobbing motion, 
and eye lids fluttered for a few seconds before the animal was able 
to proceed in feeding. Biting rate of locoed ewes was about a third 
less than that of the control ewes (P<.OS), and locoed ewes took 
fewer bites of grass than the control ewes (P<.Ol). Physical inhibi- 
tion of feeding caused by the sudden seizures and reduced con- 
sumption of coarse forage, which may be more difficult to prehend, 
may contribute to the persistent emaciated condition and reduced 
productivity of some locoed animals. 

Key Words: poisonous plant, Oxytropissericea, grazing behavior, 
addiction 

Addiction is commonly cited as a clinical sign of locoweed 
poisoning from Astragalus and Oxytropis species in North Amer- 
ica (Marsh 1909, Kingsbury 1964, James et al. 1981) and Swain- 
sona species in Australia (Everist 1981). However, the reported 
addiction was not observed in controlled cattle grazing trials. 
Cattle voluntarily selected only the immature seed pods of white 
locoweed (Oxytropissericea Nutt.). When the pods were depleted, 
cattle resumed selecting grass even though locoweed leaves were 
abundant (Ralphs 1987, Ralphs et al. 1987). Senescent wahweap 
milkvetch (A. lentiginosus var. wahweapensis) was grazed in pro- 
portion to its availability on winter range, but cattle did not 
increase their proportionate consumption of it as they became 
intoxicated (Ralphs et al. 1988). 

To further evaluate locoweed’s addicting nature, we conducted 
cafeteria feeding trials to determine ewes’ preference for locoweed 
(Astragalus lentiginosus Dougl. ex Hook) as they became progres- 
sively intoxicated (Ralphs et al. 1990). Ewes were fed a basal diet of 
15 or 20% locoweed and offered a choice between locoweed, alfalfa 
pellets, or grain at 2-week intervals throughout the trial. Results 
from the initial experiment indicated the locoweed was not 
innately palatable to sheep. Ewes did not develop physiological or 
psychological addictions to locoweed. Neither did they lose their 
ability to discriminate between feeds when intoxication became 
severe. Most ewes rejected locoweed when a choice was offered, 
even when they were severely intoxicated. However, 3 of 37 ewes 
developed an acceptance of locoweed as they became intoxicated. 
Only 1 ewe exhibiting this acceptance recovered from the poison- 
ing; the others died. Sixty days after being removed from the 

Authoys are range scientist, research animal scientist, and research leader, USDA, 
.$Wi~Po~sonous Plant Research Laboratory, 1150 East 1400 North, Logan, Utah 

locoweed diet, the surviving ewe still maintained an acceptance of 
locoweed. However, after 120 days, she rejected it, as did all other 
ewes which had been poisoned. 

The objective of this study was to expose the ewes that had been 
poisoned on locoweed in the previous pen-feeding &al to locoweed- 
infested rangeland, and determine if they would seek out and graze 
locoweed exclusively or express any residual preference for 
locoweed. 

Methods 

The grazing study was conducted on a high mountain grassland 
(2,900 m) on the Raft River Mountains in northwestern Utah. The 
range site was a high mountain loam and supported a homogenous 
grass/forb vegetation community. Dominant grasses included 
Idaho fescue (Festuca idahoensis Elmer) and mutton grass (Pea 
fendlariana @tend.) Vasey). Dominant forbs included white loco- 
weed (Oxytropis sericea Nutt.), tailcup lupine (Lupinus caudatus 
Kelogg) and yarrow (Achilles lanulosa Nutt.). Minor forbs 
included buckwheat (Eriogonum heracleoides Nutt.), rose pussy- 
toes (Antennaria rosea Green), plantain (Plantago lanceolata L.) 
and dandelion (Taraxacum officinale Weber). 

Six mature Columbia X Suffolk crossbred ewes poisoned on 
locoweed in the 1988 feeding trials (Ralphs et al. 1990), and 6 
control ewes (naive to locoweed) of similar age, weight, and breed- 
ing were taken to the study site and allowed to graze during the 
flower and pod growth stage of white locoweed (July 13-28,1989). 
Although a year had passed since they were poisoned, the locoed 
ewes still showed clinical signs of poisoning when stressed (ner- 
vousness, shaking of the head, and a stiff-legged gait), and 2 of the 
ewes were in poor condition. 

Social facilitation (the influence of other animals eating a par- 
ticular food) may influence an animal’s diet selection (Lane et al. 
1990, Ralphs and Olsen 1990). Therefore, the control and locoed 
groups were grazed in separate pastures. Four 0.25-ha pastures 
were constructed, and 3 locoed or control ewes were randomly 
allocated to each pasture. The ewes remained in the pastures for the 
duration of the study. 

Diets were quantified by bite count (Lehner 1987). Eachewe was 
observed from a distance of 2 to 5 m for 2-minute periods, and the 
number of bites of grasses, forbs, loco leaves, and loco heads were 
recorded. Observers rotated through all pastures and obtained 2 to 
3 sample periods for each ewe during each morning and evening 
grazing period. Diets were expressed as the mean number of bites 
taken of each forage category per 2-minute observation period. 
Biting rate (biteslmin) was also calculated. All parameters were 
analyzed by repeated measures analysis of variance (ANOVA) in a 
split plot design. Treatment groups were the main plot and days 
were the split plot. 

Standing crop was sampled at the beginning of the study. 
Twenty 0.25-by l-m quadrats were systematically located along a 
transect running down the middle of the pastures before they were 
subdivided. Species were clipped and composited into grass, forb, 
locoweed leaf, and locoweed head. Samples were dried at 60’ C for 
48 hr, and weighed, and standing crop was calculated. 

Manuscript accepted 13 August 1990. 

208 JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 



Table 1. Mean number of bites of forage classes during 2 min. observation 
periods, percent of bites and biting rate of control and locoed ewes. 

Foraee class 
Number of bites Percentage of bites 

Control Locoed Control Locoed 

Grass 
Forb 
Locoweed 
Total 
Biting rate 
(bites/min.) 

-- %- 
39** 26**’ 65* 59* 
21 I8 35** 429’ 
.05 .03 .09 .08 

60.05 44.03 
30* 22* ’ 

‘Means between treatment groups are different l P<.OS, l *P<.OI. 

Results and Discussion 
The ewes previously poisoned on locoweed did not revert to 

eating locoweed under grazing conditions encountered in this 
study. Both groups consumed negligible amounts of locoweed 
(Table 1). The ewe that showed a preference for locoweed in the 
pen cafeteria trial when she was severely intoxicated did not select 
locoweed to a greater extent than did other ewes in either the 
locoed or control group. Previous grazing studies on the same site 
showed that cattle selectively grazed the immature, succulent seed 
pods of white locoweed (Ralphs et al. 1987). The study encom- 
passed the flower and immature pod growth stages when white 
locoweed should have been most acceptable to grazing livestock. 
Sheep in this study refused the pods, succulent flowers, and leaves 
of white locoweed. Grazing pressure did not limit forage availabil- 
ity during the study, and associated grasses and forbs were growing 
rapidly. 

The ewes preferentially consumed more grass (59 to 65% of bites; 
Table 1) even though forbs dominated the site (50% of forage crop; 
Table 2). Idaho fescue and mutton grass were in the boot stage and 

Table 2. Standing crop (SC) of forage classes at the beginning of the study. 

Mean 

Eof SC 

Locoweed Locoweed 
Grass Forb leaf head Total 

-________________kg/ha_______---------- 
658 834 138 37 1667 

50 68 28 8 
40% 5% 8% 2% 

were consumed in equal proportions. Palatable forbs included 
buckwheat, dandelion, and rose pussytoes. 

An interesting phenomenon occurred in the locoed ewes. As they 
lowered their heads to graze, they often seemed to experience 
sudden involuntary seizures or trembling of the head, apparently 
stimulated or initiated by lowering the head to graze. As the seizure 
progressed, the head would bow and tuck up under the chest in a 
bobbing motion, and eye lids would flutter. The seizures lasted a 
few seconds, and the ewes could not prehend food until it passed. 

When the seizures passed, they appeared to graze normally. How- 
ever, when their raised their heads and moved, seizures recurred 
when they subsequently lowered their heads to graze. The biting 
rate of the locoed ewes was almost a third lower (P<.O5) than that 
of the control group (Table l), apparently due to interference by 
the sudden seizures. The 2 locoed ewes in poorest condition had the 
lowest biting rates (18 and 20 biteslmin). 

The locoed ewes consumed less grass than the control ewes (59 vs 
65% of bites; Table 1). The locoed ewes appeared to pass over 
grasses and seek out and select fine textured forbs (buckwheat and 
rose pussytoes) more than did the control ewes. This might have 
been due to easier prehension of forbs compared to grasses, since 
the lignified structure of grasses may provide more resistance to 
prehension. There was a positive correlation (r = .65) between the 
amount of grass in the locoed group diets and their biting rate; ewes 
with higher biting rates (less impediment from the spasm) con- 
sumed more grass. The residual effects from locoweed poisoning 
may involve a physical impediment to prehending forage caused by 
seizures at the onset of prehension. Afflicted animals tended to 
select plants that are easier to prehend. 

Management Implications 

Under the conditions of this study, sheep poisoned on locoweed 
did not become addicted to it, and did not graze it exclusively or 
even preferentially when returned to locoweed-infested rangeland. 
The results raised another question: the ability of locoed animals to 
prehend and ingest adequate feed under rangeland conditions. The 
reduced ability to prebend feed may be a major contributor to the 
emaciated condition of animals previously poisoned by locoweed. 
We speculate the locoed animals may not be able to regain their 
productivity because of inability to prehend and ingest adequate 
amounts of feed uner rangeland conditions. 
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Influence of seedbed microsite characteristics on grass seed- 
ling emergence 
VON K. WINKEL, BRUCE A. ROUNDY, AND JERRY R. COX 

Abstract 

Successful germination and establishment of grass seedlings 
from surface-sown seeds requires a microsite which provides nde 
quate soil water and temperature conditions, among other species- 
specific requirements. The microsite where these requirements are 
met has been termed a “safesite”. Safesites may occur naturally as 
cracks and depressions in the soil surface, gravel, and plant litter, 
or be prepared by seedbed equipment and livestock trampling. A 
greenhouse study was conducted to determine the intluence of 
seedbed microsite characteristics and soil water treatments on 
seedling emergence of ‘Vaughn’ sideoats gramn (Bouteloua curti- 
pendula (Michx.) Torr.), ‘A-130’ blue panic (Panicurn antidotule 
Retz.), and ‘Cochise’ Atherstone lovegrass (Eragrostis lehmanni- 
ana Nees X E. tricophera Coss and Dur.). Although there were 
several interactions, in general, emergence of all 3 species was 
highest from gravel, followed by litter, cracks, and finally the bare 
soil surface. Bare surface sites decreased in water content more 
quickly than the other sites. Cochise lovegrass had high emergence 
in gravel under all water treatments. Small-seeded species such as 
Cochise lovegrass broadcast on coarse-textured surface soils may 
establish with minimal seedbed preparation, provided summer 
precipitation is adequate. 

Key Words: safesite, sideoats grama, blue panic, Cochise love- 
grass, broadcast seeding, revegetation, soil water content 

Perennial grass densities have decreased on many rangelands 
due to lack of grazing management, drought, (Coxet al. 1982), and 
encroachment of woody shrubs (Humphrey 1958, Coxet al. 1983). 
Loss of herbaceous cover could result in increased soil erosion, 
formation of soil crusts, and loss of favorable microsites necessary 
for germination and establishment of grass seedlings on some sites. 

Natural revegetation of perennial grasses is slow in many areas 
(Hyder et al. 197 1, Stoddart et al. 1975, Roundy and Jordan 1988) 
therefore seeding adapted species is often desirable. However, 
because of steep or rocky terrain, conventional methods of tilling 
and seeding are often impractical. On these sites the only alterna- 
tive is broadcast seeding (Vallentine 1989). However, broadcast 
seeding is often unsuccessful on many sites (Cook 1958, Bleak and 
Hull 1958, McWilliam et al. 1970, Campbell and Swain 1973a, 
Stoddart et al. 1975). 

Depending upon the species, most germination requirements are 
more easily met within the seedbed rather than upon it. Surface- 
sown seeds are exposed to many hazards including predation 
(Nelson et al. 1970, and Campbell and Swain 1973a), seed and 
seedling desiccation (Evans and Young 1972a and Campbell and 
Swain 1973a), and lack of radical entry (Dowling et al. 1971, 
Campbell and Swain 1973a, Campbell and Swain 1973b and Shel- 
don 1974). 

Surface-sown seeds fall into a variety of micro-environments, 
some of which are associated with favorable water and tempera- 
ture conditions for germination and establishment. Favorable mic- 
rosites for seedling establishment have been described by Harper et 
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al. (1961) and Harper (1977) as “safesites”. Natural safesites may 
include cracks and depressions in the soil surface, or sites asso- 
ciated with gravel, and plant litter. 

In a classic study, Harper et al. (1965) reported increased emer- 
gence from surface-sown seeds of Pluntugo spp. placed in soil 
depressions and near various objects, including glass sheets and 
wood boxes. They also reported increased emergence from seeds of 
Bromus rigidus (Roth.) when sown in large soil aggregates, and B. 
madritensis CL..) when sown in small soil aggregates. They explained 
the differential emergence in terms of the different types of contact 
the seeds made with the aggregates. In a similar study, also using 
various artificial objects, Sheldon (1974) showed that treatments 
imposing a high humidity over the treatment area had better 
emergence than those that did not. 

This evidence indicates that one of the most important charac- 
teristics of a microsite that makes it a safesite is its association with 
high humidity and soil moisture. Harper et al. (1965) and Sheldon 
(1974) both worked under mesic conditions in Great Britain. On 
arid and semiarid rangelands where storms are less frequent and 
seedbeds may rapidly dry out, microsites may still be associated 
with increased emergence. Evans and Young (1972a) reported 100 
times greater emergence of downy brome (Bromus tectorum L.) 
seedlings from seeds sown in 9-mm deep soil pits as compared to 
seeds sown on the bare soil surface in Nevada. Soil water and 
humidity in the pits were much more favorable for germination 
than the bare soil surface. In a survey of plant responses to various 
microsites in the Great Basin, Eckert et al. (1986) found more 
seedlings of Wyoming big sagebrush (Artemisia tridentata wyo- 
mingensis Beetle), perennial grasses, and annual forbs emerging 
from cracks and trenches than on the unprotected soil surface. 

Evans and Young (1970, 1972b) reported much greater emer- 
gence of downy brome, medusahead rye (Taeniatherum asperum 
Simonkai) Nevski), and Russian thistle (Sulsolu iberica L.) from 
seeds under litter than from seeds on the soil surface. Environmen- 
tal monitoring showed that litter greatly moderated maximum and 
minimum temperatures, decreased the amount of light reaching 
the soil surface, and greatly increased relative humidity. 

In the semidesert grasslands of the Southwest, 60-70% of annual 
precipitation falls between July and October. At certain times 
during this period, conditions may be mesic enough for natural 
seedbed microsites such as gravel, litter, and cracks and artificial 
microsites produced by livestock trampling and mechanical seedbed 
preparation to be more favorable for germination than the bare 
soil surface. This may help to explain why small-seeded lovegrasses 
broadcast on disturbed seedbeds have had emergence equal to or 
greater than those drilled in the Southwest (Cox et al. 1986). 

Other than the few studies above, there has been little determina- 
tion of the types of microsites that are adequate for germination 
and establishment of range plants. The objective of this study was 
to determine the influence of seedbed microsite characteristics on 
seedling emergence of 3 warm-season grasses. 

Methods 

A field survey was conducted at a typical semidesert grassland 
site on the Anvil Ranch, 65 km southwest of Tucson, Ariz., to 
determine what types of microsites may be available to seeds on 
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rangelands in southern Arizona. The soil is a sandy loam (fine, 
mixed, thermic Ustollic Haplargid) and supports mesquite (Pro- 
sopis juliflora Swartz.), snakeweed (Gutierrezia sarothrae Pursh), 
and remnant native grasses such as Arizona cottontop (Digitaria 
californica (Benth) Henr.) and purple three awn (Aristidapurpu- 
rea Nutt.). 

Three obvious microsites were gravel, cracks in the soil crust, 
and litter. To determine the percent composition of the gravel 
microsites, 2 m* of the top 1 cm of the soil surface was collected, 
sieved, and each fraction weighed. Of the sample, 45% was gravel, 
39% was sand, and 15% was silt and clay. Of the gravel fraction, 
66% was between 2 and 5 mm, 21% was between 5 and 10 mm, and 
13% was greater than 10 mm. 

Percent litter cover was determined with a point frame. Of 1,600 
points, 281 hit litter; thus litter cover equaled 17.6%. Litter was 
composed of dead stems of half shrubs and grasses and located 
mainly beneath living plants and in litter dams. Cracks were com- 
mon but most were less than 0.5 mm in width. 

All 3 microsites described above plus a control consisting of bare 
untracked soil were selected for use in the study, with the following 
modifications. The gravel treatment was a mixture of both the 2-5 
and the 5-10 mm fractions and each was present in the same 
relative proportions found in the field. Due to the lack of an 
uncontaminated litter source and lack of homogeneity of litter at 
the survey site, fine wood excelsior was used. Crack size was 
increased to 2-5 mm wide by 15-20 mm deep. 

The study was conducted in a temperature-controlled green- 
house with average minimum and maximum temperatures of 17 
and 46” C, respectively. Percent relative humidity ranged from 4 to 
72%. 

Soil from the A horizon (top 20 cm) of the microsite survey area 
was sieved to 5 mm and placed in 10 X 10 X 10 cm pots. All soil in 
the pots was then subjected to 2 wetdry cycles to simulate field soil 
conditions. The microsites were then applied as follows. Three 
cracks 2-5 mm wide, 15-20 mm deep, and 80- 100 mm long were 
formed in crack treatment pots with a knife in moist soil. Twenty- 
five cm3 of gravel from the survey site was added to the soil surface 
of the gravel pots. This amounted to a layer approximately lo-mm 
deep. Wood excelsior was cut into 20-50-mm lengths and placed on 
the litter treatment pots to a depth of lo-20 mm. Bare surface pots 
were left untouched. 

Twenty-five seeds each of ‘Vaughn’ sideoats grama (Bouteloua 
curtipendula (Michx.) Torr.), ‘A-13O’blue panic (Panicum antido- 
tale Retz.), or ‘Cochise’ Atherstone lovegrass (Eragrostis lehman- 
niana Nees X E. tricophera Coss and Dur.) were sprinkled onto the 
soil surface of pots with gravel, litter, or bare microsites. Seeds 
were sown beneath rather than on gravel and litter. Pots with 
cracks were sown using a thin funnel to carefully place seeds near 
the bottom of cracks. 

Three watering treatments were implemented, including (1) 
daily watering to maintain wet soil conditions, (2) watering on day 
1 and day 5 (when seedlings showed signs of stress), and (3) 
watering on day 1 only. These conditions were selected to simulate 
the wide range of soil water conditions that may occur during the 
rainy season in southern Arizona. Watering was accomplished by 
subirrigation to minimize microsite disturbance. 

The experimental design was a split plot with 4 blocks. Whole 
plots were water treatments, and microsites and species were split 
plots. Each block contained 72 pots: 3 species, 4 microsites, and 3 
water treatments with 2 pots per species-microsite-water treatment 
combination. 

To determine why seeds and seedlings responded as they did to 
the microsites, gravimetric soil water content was measured for 
samples from additional unseeded pots. The pots were filled with 
soil, conditioned with 2 wet-dry cycles, irrigated, and treated with 

the microsites as were the seeded pots. Eight samples per microsite- 
water treatment combination were collected daily. 

Beginning on day 1 and continuing daily throughout the study, 
approximately 10 cm3 of soil from the top 5 mm of mineral soil 
from the bare surface, gravel, and litter microsites were collected 
from the unseeded pots. Samples from the pots with the crack 
microsite were collected by removing the soil core from the pot, 
carefully splitting the core lengthwise down 1 crack and then 
scraping approximately IO-15 cm3 of soil from the bottom of the 
crack (between 10 and 20 mm from the soil surface). Gravimetric 
soil water content of the samples was determined by weighing 
before and after oven-drying (Hillel 1982). This method was 
selected because of the necessity of sampling the small interface 
between the soil and seed. Soil used in the study was analyzed for 
percent water content at -0.03 and -1.50 MPa matric potentials 
with a pressure plate. 

Seedling emergence data were collected daily beginning on day 
4. Seedling emergence criteria per microsite were as follows: (1) 
bare surface, seedlings >I5 mm and radicles penetrating the soil 
surface; (2) gravel and litter, seedlings above gravel or litter; and (3) 
cracks, seedlings even with soil surface. 

Temperatures within microsites were measured with a probe 
type thermocouple thermometer from day 1 until day 4. The 
temperature probe was placed between gravel or litter and the soil 
surface, within cracks, or directly on the soil surface. Air tempera- 
ture was also measured 1 cm above the soil surface. 

Seedling density data were converted to percent emergence of 
germinable seed. Germinability was determined in the greenhouse 
with 4 replications of each species using petri dish techniques. For 
each replication, 100 seeds were placed on Whatman No. 2 filter 
paper in a petri dish. Seeds were then watered and the dish was 
placed in its respective block. Germination counts were made every 
24 hours (+ or - 1 hr) after initial watering. A seed was considered 
germinated when its radicle had emerged. Analysis of variance was 
performed on the arcsin square root of percentage data as sug- 
gested by Sokal and Rohlf (1981) for seedling emergence and soil 
water content and significant means were separated with the LSD 
test. 

Results and Discussion 

Seedling Emergence 
Analysis of variance of seedling density data showed significant 

(P<O.O5) 2, 3, and 4-factor interactions involving days, species, 
water treatments, and microsites, therefore, results are based on 
comparisons of day-species-water treatment-microsite means. 

In general, under conditions of daily watering (> -0.03 MPa), all 
microsites produced significantly more seedlings (P<O.O5) than 
the bare surface (Fig. 1). Emergence of all species was highest from 
gravel, followed by litter, then crack microsites. Cochise lovegrass 
was the only species to emerge from the bare surface. 

Watering on days 1 and 5 resulted in lower seedling emergence 
than under daily watering. Only Cochise lovegrass emerged from 
the bare surface. Emergence of the different species varied relative 
to gravel, litter, and crack microsites. Sideoats grama emergence 
was similar for gravel and crack microsites during the first few 
days, but thereafter, seedlings in cracks began to die. Seedling 
emergence was generally highest from gravel, less from cracks, and 
least from litter microsites. Blue panic seedling emergence was 
similar from gravel and litter microsites. Cracks produced the most 
blue panic seedlings, but after day 9, seedlings began to die. 
Cochise lovegrass emerged best from gravel. Litter and cracks 
produced similar seedling emergence, but seedlings in cracks began 
dying after day 9. 

Premature mortality of seedlings in cracks may have been due to 
the method of crack preparation. The action of the knife in moist 
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Fig. 1. Seedling emergence of sideoats grama (top row), blue panic (middle row) and Cochise lovegrm (bottom row) in various seedbed microsites in 
relation to 3 soil water treatments. Left column = daily watering, middle column = watering on days 1 and 5, and right column = watering on day 1 only. 
Lines within a species-water treatment graph having the same letter for a given day are not significantly different UQO.05). 

soil may have sealed the crack surfaces. An examination of dead 
seedlings from cracks showed that radicles of many seedlings had 
not penetrated crack walls. Natural cracks appear to have more 
large pores and rough edges for easier radicle penetration. In a 
more natural situation, seedlings may have survived longer in 
cracks. 

Sideoats grama seedlings had the highest seedling emergence 
from gravel when watering occurred on day 1 only. Cracks also 
produced nearly as many seedlings as gravel, until seedlings began 
dying prematurely. All microsites produced more seedlings than 
the bare surface. 

Results from the petri dish trial showed that blue panic requires 
3-4 days of wet conditions for germination as opposed to 1 day for 
sideoats grama and l-2 days for Cochise lovegrass. Total percent 
germination of sideoats grama, blue panic and Cochise lovegrass 
was 95, 70, and 82, respectively. Watering on day 1 only did not 
appear to meet the germination requirements for blue panic within 
any of the microsites, although emergence was significantly higher 
(P<O.OS) in gravel sites than in the other sites for 3 days. 

Cochise lovegrass had high seedling emergence from gravel even 
with watering only on day 1. Litter and cracks had significantly 
more (P<O.O5) seedling emergence than the bare surface. Once 
again, there was premature mortality among seedlings in cracks. 

Soil Water 
The analysis of variance for soil water data showed significant 2 

and 3 factor interactions involving days, water treatments, and 
microsites; therefore discussion of results is based on day-water 
treatment-microsite means. Water content of soil watered daily 
was greater than a corresponding matric potential of -0.03 MPa 
throughout the study for all microsites (Fig. 2). 

Soil water content of soil watered on days 1 and 5 stayed above a 
corresponding matric potential of -1.5 MPa in the gravel and litter 
sites until day 9, but only until days 4 and 5 for the bare surface and 
crack sites, respectively. Although soil water content increased 
above a corresponding matric potential of -1.5 MPa in cracks and 
on the surface after watering on day 5, the 1 or 2 days below -1.5 
MPa may have caused seed and seedling desiccation. This may 
help explain the significantly greater seedling emergence within the 
gravel and litter sites. Water content within the gravel and litter 
sites stayed above a corresponding matric potential of -1.5 MPa 
for 1 or 2 days longer than in the crack and bare surface sites in soil 
watered on day 1 only. 

There was limited seedling emergence of sideoats grama and 
blue panic on the bare soil surface even when soil water content and 
corresponding soil matric potential was high. Observations showed 
that not only was there low emergence, but very little germination 
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Fig. 2. Percent soil water in relation to microsites across time (days). Lines 
indicating soil water content at soil matric potentials of -0.03 MPa and 
-1.50 MPa have been added for reference. Water treatment 1 q  daily 
watering, water treatment 2 q  watering on days 1 and 5, and water 
treatment 3 q  watering on day 1 only. Points within a water treatment 
graph having the same letter for a given day are not significantly different 
(IQO.05). 

occurred on these sites. The greater emergence of Cochise love- 
grass (small-seeded) compared with side oats grama and blue panic 
(larger seeded) on the bare soil may be due to greater seed-soil 
contact. 

The ideal seedbed is one where the seed is surrounded by soil 
particles that are firmly packed around the seed to ensure conduc- 
tivity of water from soil to seed (Collis-George and Sands 1959). 
Seeds on the surface have varying amounts of contact with soil. 
Harper (1977) stated that the degree of heterogeneity of the soil 

surface is dependent upon seed size. This may explain why small 
seeds appear to require less soil tilth or surface roughness to meet 
their safesite requirements (Nelson et al. 1970, Evans and Young 
1972a, Cox and Martin 1984). In an associated field study (Winkel 
and Roundy 199 I), seedling emergence of small-seeded lovegrasses 
in undisturbed plots with an abundance of bare soil surface was as 
high as in plots disturbed by cattle trampling, land imprinting, and 
root plowing following frequent summer rains. 

The soil water results do not help explain the greater Cochise 
lovegrass seedling emergence from gravel, since soil water content 
under litter was similar to or higher than under gravel (Fig. 2). In 
actuality, soil surface water and relative humidity in the immediate 
vicinity of the seeds may have been greater under gravel than litter. 
The technology to measure these conditions at the scale of small 
seeds is not yet available (Harper et al. 1965). Another explanation 
may be found in the contact of seeds to gravel. Gravel appeared to 
lay on or next to seeds, as opposed to litter, which seldom seemed 
to be in contact with the small seeds. The position of the gravel may 
have improved emergence by providing points of contact for the 
seed to push against during radicle penetration. 

The range of temperatures between microsites on any one day 
was never greater than 4.2’ C. Differences in seedling emergence in 
this greenhouse study are probably not related to temperature 
differences. Under field conditions with much higher incident solar 
radiation, soil shading by gravel or litter would affect soil tempera- 
tures much more than in the greenhouse. 

This study showed that under high soil water conditions (>0.03 
MPa matric potential), gravel, litter, and cracks produced signifi- 
cantly more seedlings of sideoats grama, blue panic, and Cochise 
lovegrass than the bare soil surface. However, results from water- 
ing on days 1 and 5 are probably more indicative of Southwest 
rangeland conditions during the summer rainy season. Under these 
conditions, the microsites also produced greater seedling emer- 
gence than the bare soil surface. 

Cochise lovegrass emerged well in gravel microsites under a 
variety of soil water conditions. It may be practical to broadcast 
seed small-seeded lovegrasses onto gravelly rangeland soils with 
little or no seedbed preparation. The ability of small-seeded love- 
grass seeds to emerge from undisturbed seedbeds with gravel surfa- 
ces may help to explain their success in spreading and dominating 
coarse-textured soils in southern Arizona (Cable 1971, Cox and 
Ruyle 1986, Cox et al. 1988). 
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Effects of revegetation on surficial soil salinity in panspot 
soils 
D.G. HOPKINS, M.D. SWEENEY, D.R. KIRBY, AND J.L. RICHARDSON 

Abstract 

Panspots and transition zone panspots (slickspots) from a Lep 
tic/Typic Natriboroll soil complex in western North Dakota were 
compared to determine the effects of secondary plant succession 
upon soil properties. Herbage and rooting characteristics 
were evaluated among panspot, transition zone, and adjacent well- 
vegetated Belfield soils using point frame data and a modified dry 
ashing technique. The effects of vegetation upon soil electrical 
conductivity (EC) were tested using gradient transects aligned 
perpendicular to boundaries between panspots and transition 
zones. Transition zones had 40% more total forage and twice the 
litter found In panspot areas. Thirteen of 17 gradient transects 
showed an Inverse relationship between soil EC and distance into 
transition zones at the 0 to 5 cm depth. Signlflcantly higher root- 
mass was obtained in the 0 to 5 cm depth in transition zones 
compared to panspots. A conceptual model based on subsurface 
water flow is presented to explain the polygonal cracking that was 
observed only in transition zone surfaces initiating a series of 
interactions resulting in natural reclamation of the transition zone 
soil. 

Key Words: secondary succession, panspots, surface crusts, salinity 

Limited productivity of rangeland vegetation on soils having 
natric horizons has been extensively documented (Sandoval et al. 
1959, Lewis and White 1964, Stuart et al. 1971, White et al. 1982). 
Inhibition of vascular plant growth on “panspot”(s1ickspot) soils is 
especially severe due to excessive salinity and sodicity which, in 
effect, create “physiologic deserts”in these areas (Lewis et al. 1959, 
Munn and Boehm 1983). 

Research on panspots traditionally focused on the physical and 
chemical characteristics of panspot soils as components of sodium- 
affected landscapes (Lewis et al. 1959, Johnson et al. 1985). Infor- 
mation on panspot vegetation has generally been limited to secon- 
dary observations made during such studies (Kellogg 1934, Mogen 
et al. 1959, Munn and Boehm 1983). 

The identification and influence of natural vegetation dynamics 
on panspot soil properties has received little attention on the 
Northern Great Plains. Preliminary work in western North 
Dakota has indicated a potential relationship between secondary 
succession in panspots and improvements in surficial soil chemistry 
(Hopkins et al. 1987b). 

In the field, we observed that 3 distinct range communities could 
be easily recognized in Natriboroll map units. Communities nearly 
devoid of vegetation were described as panspots. We noted earlier 
(Hopkins et al. 1987a) that soil surveyors often overestimate the 
extent of these soils because of their stark appearance. A second 
community, at the same elevation as panspots, supports sparse 
grasses and low growing half-shrubs; we refer to these areas as 
“transition zones”. The third range community, classified as a 
clayey range site is found on Belfield soils. Belfield soils are at 
higher topographic positions than either panspots or transition 
zone soils. 

This study was designed to test the hypothesis that zones of 
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secondary plant succession in panspots (referred to hereafter as 
transition zones) modify soil electrical conductivity (EC) in the 
near-surface soil environment. The study objectives were to: (1) 
compare soil EC between panspot and transition zones, (2) evaluate 
surface and subsurface soil properties and inventory vegetation 
among panspot, transition zone, and adjacent Beltield soils, and 
(3) compare root density distributions between panspot, transition 
zone, and adjacent Beltield soils. 

Materials and Methods 

Study Area 
The study area was on the Dickinson Experiment Station Ranch 

Headquarters approximately 40 km northwest of Dickinson, 
NorthDakotainNEl/4,Sec. 16,T13N,R96W(Lat.47O 12’3O”N., 
Long. 102” 51’ 2O”W.). Soils with natric horizons are common in 
this region of western North Dakota (Wright et al. 1982). The study 
area was chosen to provide detailed soils information for an ongo- 
ing short duration grazing trial in Sec. 16 (Kirby et al. 1986) and 
because of the high concentration of panspots associated with the 
major soils (Hopkins et al. 1987a). A fence was constructed in early 
June 1987 to prevent cattle from grazing the study area. 

The climate of the study is continental with mean annual precipi- 
tation of 425 mm and mean air temperature of 4.6” C. About 80% 
of the annual precipitation falls between April and September. 
Mean annual snowfall is 965 mm but strong winds in the area keep 
most of the snow in drifts and the ground free of snow (Wright et al. 
1982). 

Field Methods 
A 20 by 20-m area was selected that encompassed unclassified 

panspot and transition zone soils interspersed in areas of Beltield 
soils (fine, montmorillonitic, Glossic Natriborolls). The range site 
designation for the Belfield soil is clayey; panspot and transition 
zone soils are mapped as thin claypan (USDA Soil Conservation 
Service 1984). 

Vegetation was analyzed for species composition and basal area 
by the point frame method (Amy and Schmid 1942) with 500 
points taken in representative sites for panspot, transition zone, 
and Beltield soil areas. Five replicate 0.25-m* quadrats were 
clipped in similar areas to compare herbaceous and shrub standing 
crop among soils. Clipped samples were oven dried and weighed. 
Vegetation nomenclature follows the Great Plains Flora Associ- 
ation (1986). 

Intervals of 1 m were established for detailed mapping and 
sampling in the 20 by 20-m study area. The soil surface was mapped 
and digitized to determine the extent of panspot, transition zone, 
and Belfield soils. A topographic map was made, based on l-m 
observation intervals, using a surveyor’s level. Slope ranges from I 
to 3% in the study area (Fig. I). Detailed topographic data (9 points 
per mr) was obtained for several panspot areas having transition 
zones to determine if elevational differences were related to vegeta- 
tion distribution or soil salinity in the panspots. 

Panspots with transition zone areas large enough to accommo- 
date a gradient transect were identified with the soil surface map. 
Seventeen transects, oriented perpendicular to the boundary 
between panspots and transition zones, were established. Sampling 
sites were marked off in IO-cm increments from the boundary into 
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Fig. 1. Topographic map of study area with I-dm contour interval, Dunn 
County, North Dakota; elevations in meters above MSL. Boundaries for 
soil characterization trench are indicated by A and B. 

the 2 zones with an equal number of sites either side of the boun- 
dary. Between 3 and 9 sites were sampled depending on vegetation 
patterns in the panspots. Soils were sampled at each site in 5 cm 
depth increments to 30 cm, using a 4.4 cm diameter soil probe. Care 
was taken in selecting transects to ensure that end members would 
not be affected by adjacent soils with different vegetation patterns. 
All samples were air dried and ground for laboratory analyses. 

Soil profile descriptions of Bellield and panspot soils were taken 

in a trench dissecting the vegetation analysis sites, using standard 
methods of the National Cooperative Soil Survey (Soil Survey 
Staff 1951). Samples were collected, air dried, and ground for 
laboratory characterization. 

Root density distributions in panspots and transition zones were 
evaluated using the gradient transect method described earlier. 
Four root gradient transects about 1 m in length were selected near 
the trench and sampled with a 6.3 cm diameter coring tube to 30 cm 
depth to obtain sufficient volume for laboratory analysis. Soil 
cores were extracted at IS-cm intervals along the transects and 
carefully sliced in 5 cm depth increments to 15 cm, with 1 sample 
taken from 15 to 30 cm. Additionally, 8 sites were located ran- 
domly from the Belfield soil area to allow comparison of root 
density distribution among the panspot, transition zone, and Bel- 
field soils. Root density samples were air dried for laboratory 
analysis. 

Laboratory Methods 
Soil electrical conductivity (EC) was determined on 1: 1 soil/ water 

suspensions for all gradient transect samples (Dahnke 1980). The 
values for 1: 1 EC are from a dilute suspension and only represent 
about one half of the more familiar saturated paste extract EC 
values. We used 1: 1 suspensions because of the large number of 
samples and the fact that the relatively homogenous textures of the 
panspot soils minimize textural effects differentiating saturated 
paste extract EC from that of 1:l suspensions (Hogg and Henry 
1984). 

Root density was determined following a method modified from 
Ward et al. (1978). Dry soil samples were weighed, placed in 

Table 1. Cover (I) of plant species for panspot, transition zone, and Belficld soiis on the Dickinson Experiment Station Ranch Headquarters, North 
Dakota. 

Species Panspot Transition zone Beiiieid 

Graminoids 
Agropyron spicatum, (Pursh) Scrib. & Smith 
Agroyron caninum (L.) Beauv. 
Poa sandbergii, Vasey 
Agropyron smithii. Rybd. 
Stipa comata, Trin. & Rupr. 
Stipa viridula Trin. 
Koeleriapyramidata, (Lam.) Beauv. 
Bouteloua gracilis, (H.B.K.) Lag. ex Griffiths 
Schedonnardus paniculatus (Nutt.) Trei. 
Buchloe dactyloides (Nutt.) Engiem. 
Carex heliophila, Ma&. 

3.2 
0.4 
1.0 

5.0 

- 
-- 
-- 

- 
0.2 
0.8 
0.4 

-- 
-- 

Total 4.6 1.6 

Forbs 
Artemisia frigida, Wiiid. 
Atriplex nuttailii S. Wats. 
Phlox hoodii, Rich. 
Chenopodium glaucum L. 
Polygonurn aviculare L. 
Vicia americana Muhl. ex WiUd. 
Grindelia squarrosa (Pursh) Dun. 

-- 
1.4 

-- 
0.8 
0.6 

- 
- 

-- 
-- 

0.4 
0.2 
0.4 
0.8 

Total 2.8 1.8 

-I 

0.2 
- 

1.2 
1.2 
0.4 
3.8 

23.6 
-- 

2.0 
2.0 

34.4 

1.2 
- 

1.4 
-- 
-- 

0.4 
- 

3.0 

Shrub 
Ceratoides lanata (Pursh) Howell 1.0 1.4 - 
Opuntia spp. 0.4 -- - 

Total 1.4 1.4 __ 

Misceiianeous 
Litter 14.0 29.4 53.6 
Bare 77.0 59.6 7.8 

Total 100.0 100.0 100.0 

lSpccies did not occur. 
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fine-meshed muslin cloth and wire-wrapped. Samples were im- 
mersed overnight in a water bath with sodium hexametaphosphate 
to disperse soil particles. Fine soil particles were separated from the 
sands by gently rubbing the sample under running water. Later, the 
bags were opened, placed on a lOO-mesh sieve, and the contents 
washed under running water. Roots and organic particles were 
separated from the sand fraction by a series of decantations. 
Washed root samples were placed in ashing crucibles and dried 
overnight at 60“ C. The dried samples were cooled, weighed, and 
placed in an ashing oven at 470’ C for 6.5 hours, then cooled and 
weighed. 

The ashing step was included because inspection of the samples 
revealed that mineral matter was tightly bound to root tissues even 
after several shakings and decantations. To correct for tightly 
bound mineral matter, several mineral-free subsamples of the same 
root tissues were obtained and ashed. From these subsamples the 
average root mass lost on ashing was found to be 77.7%. The mass 
lost on ashing from samples containing mineral matter was divided 
by 0.777 to obtain a corrected dry root mass. 

The 2 soils sampled in the trench were characterized in the 
laboratory using the following methods. Soluble salts were deter- 
mined on saturated paste soil extracts using the methods of 
Rhoades (1982). Soil pH was determined potentiometrically 
(Peech 1965). Calcium, magnesium, and sodium, (Ca, Mg, and Na) 
were determined with atomic absorption spectroscopy using 
methods of Chapman and Pratt (1961). Adjusted sodium adsorp- 
tion ratio (SAR.& was calculated using concentrations of Ca, Mg, 
and Na corrected for ion pairs and activities (Alzubaidi and Webs- 
ter 1983) using tile relationship established by the US Salinity 
Laboratory Staff (1954). The adjusted SAR provides a better 
estimate of sodium activity than SAR based on concentration 
alone. Organic carbon was determined using the Walkley-Black 
method modified by Chapman and Pratt (1961). Particle size 
analysis was determined by pipette method (Day 1965). 

The EC data for the gradient transects were analyzed separately 
for each depth class using one-way analysis of variance with a 
covariate site along the transect (SAS Institute 1985). This 
approach was utilized as it provides an estimate of the effect of 
distance along the transect on soil EC. The presence of a functional 
relationship between transect site (distance) and EC for panspots 
and transition zone soils was assessed by assigning negative dis- 
tance to sites on the panspot side of the boundary, and positive 
distance to the transition zone. This would generate an inverse 
relationship between EC and distance on the transects if salinity 
were lower in transition zones. The EC data were evaluated for (1) 
differences among transects, (2) a functional relationship with 
distance along transects, and (3) homogeneity of the functional 
relationship between transects, using one-way analysis of covariance. 
Root density data were analyzed using a r-Test (Hamett 1970). 

Results 
Panspot and transition zone soils were observed primarily below 

the 793.4-m contour interval shown in Figure 1; Belfield soils were 
found above this contour. The distribution of the 3 soils in the 
study area was 13, 16, and 71% for panspot, transition zone, and 
Belfield soils, respectively. Panspot and transition zone soils com- 
prise almost 30% of the landscape and present a marked contrast to 
well-vegetated BelEeld soils. 

Transition zone soils exhibit a 2 fold increase in vegetative litter 
compared to panspots (Table l), but plant basal area was similar 
for panspot and transition zone soils (8.8 and 10.8% respectively, 
Table 1). There was a trend for greater yields of graminoid species 
in transition zones compared to panspots (Table 2). The production 
and diversity of species from the Belfield soil was substantially 

Table 2. Forage yield of panspot,transition zones, and Beifkid soils on the 
Dickinson Experiment Station Ranch Headquarters, North Dakota. 

Vegetation type 
Panspot Transition Belkld 

soil zone soil 
________________P/m2__________------- 

Graminoid 15 (2.6)’ 22(11.2) 87 (5.6) 
Forb 30 (7.2) 2 (0.9) 20 (19.2) 
Shrubs 6 (7.5) 48 (7.5) 6 (2.6) 
Total 51 72 113 

‘Standard ermr. 

greater than from either panspot or transition zone soils (Tables 1 
and 2). 

Differences in basal area and forage yield mentioned above are 
due to differences in edaphic properties of the Beltield and panspot 
soils. Belfield soils had more soil organic matter to greater depths 
than panspot soils and lower salinity and sodicity as evidenced by 
EC and SAR.dj (Table 3). Depth to the C horizon of the Belfield 
soil was greater than in the panspot soil but both soils were under- 
lain by highly saline siltstone. 

Table 3. Selected soil morphologic, physical, and chemical properties of 
major soils of the study area. EC data represent about one baif of 
saturated paste extract EC. 

Depth USDA Organic pH EC’ 
Horizon’ (cm) texture2 matter (%) ds m-l SAR&j 

crust 
E 
Bty 
Cl 
c2 
Crl 
Cr2 
Cr3 

E 
EB 
BE 
Btkl 
Btk2 
C 
Crl 
Cr2 

. I  

Panspot 
O-2 SiL 1.5 7.5 2.8 24.0 
2-4 Sic 1.8 7.4 6.0 32.7 
4-11 SIC 1.6 7.7 15.6 59.1 

1 i-21 SiCL 1.1 7.8 17.7 57.7 
21-50 SiL 0.7 7.7 16.7 54.1 
50-64 SL 0.3 7.8 16.0 57.4 
64-74 SiL 0.3 7.4 15.2 55.9 
74-110 SiL 0.4 7.4 13.0 42.9 

Beifield 
04 SiL 6.6 7.3 2.0 2.3 
4-27 SiCL 2.5 7.2 0.4 1.3 

27-34 SIC 1.3 7.8 0.8 3.3 
34-51 Sic 1.4 8.1 0.7 8.8 
51-65 SiCL 1.1 8.0 4.8 25.4 
65-79 SiCL 1.0 7.9 13.2 40.5 
79-112 SiCL 0.7 8.2 16.0 48.8 

112-148 SiCL 0.6 7.9 14.9 49.8 

~nomenclatun follows USDA/ SCS standards 
*Si-silt, L-loam, C-clay 
31: 1 soil/ water suspensions 

Variations in salinity were large in the locality of the study area 
and even larger in panspot soils (Hopkins et al. 1987a). We general- 
ized the data on salinity variability (as measured by EC) by pooling 
observations from all sampling sites and transects (Table 4). These 
data were stratified by depth class. Mean EC increases with depth, 
and standard errors usually decrease with depth. 

The relationship between soil EC and site (distance on transects) 
was not consistent for transects in the study area (data not shown). 
Due to the presence of significant interaction, individual regression 
coefficients were calculated for each transect (Table 5). Soil EC and 
transect site were inversely related for the 0 to 5 cm depth class in 13 
of 17 transects (Table 5) indicating that soil EC was lower in 
transition zones. The number of transects with negative regression 
coefficients decreases in lower depth classes. In 4 transects there 
was an increase in magnitude of negative coefficients in the second 
compared to the first depth class. 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 217 



Table 4. Variations in soil salinity ofpsnspot and trmwition zone soils of 
the study area pooled for aIt trmseets by depth clsss. 

Depth midpoints 
em 

2.5 
7.5 

12.5 
17.5 
22.5 
27.5 

I”= 102 

Mea” EC Stanard Standard 
dS m-’ Deviation’ error 

1.98 0.56 0.14 
5.39 1.33 0.32 
7.54 1.04 0.25 
8.59 0.72 0.18 
9.26 0.36 0.09 
9.62 0.41 0.10 

Table 5. Sample regression coefficients (b) lor all gradient trsnsects by 
depth class. 

Transect_ __... __ __.__ Depthmidpoints ______ 
n 2.3 7.5 12.5 17.5 22.5 27.5 

-0.025 -0.022 4.049’ -0.035’ 4.050’ a.026 I 5 
2 5 
3 7 

-0.005 
a.O40* 

4.048’ a021 
4.035’ ~0.058’ 
0.005 0.007 

a.002 0.009 
0.005 ~.040# 

a.003 0.020’ 
0.006 0.046’ 

a.013 a.014 
-0.005 -0.005 
a07MI -0.100# 
0.055 ~0.010 

4.049* -0.077* 
-0.018 -0.026 
-0.005 0.035 
ao41* -0.093’ 
a.004 0.007 

13 II 

0.000 O.OC4 
-0.026’ -0.023,, 
-0.01x ~0.017# 
0.014’ 0.021’ 

4.020 -0.007 
0.026’ 0.024* 
0.009 0.029 
0.002 -0.003 

-0.001 a.002 
-0.025 -0.025 
0.030 -0.065 
0.020 ~0.005 

-0.009 0.009 
-0.025 0.030 
-0.046’ -0.021 
-0.001 ~0.010 

II IO 

0.028 
-0.020# 

0.018* 
0.028’ 
O.ooO 
0.015# 

-0.024 
0.006 
0.019* 

4 9 
5 9 
6 5 
7 9 
8 5 
9 7 

10 9 
11 3 
I2 3 
13 5 
14 5 
15 3 
16 5 
17 9 

Total 

an33 
0.031’ 

-0.034# 
0.014’ 
0.045’ 
O.OilO 
0.001 

-0.060 
0.050 

-0.007 
xJ.028 
0.025 

-0.049’ 
a.001 

-0.040 
-0.025 

0.002 
~0.007 
0.030 

-0.029 
0.002 

8 

Regression coefficients for transects 5,7, and 8 deviated from the 
other transects; soil EC increases with distance into the transition 
zone at most depths. These transects appear responsible for the 
significant site-transect interaction in the overall analysis. 

Mean rootmassfortheOto30cmdepth isO.l7,0,29,and 1.39%, 
respectively, for panspot, transition zone, and Beltield soils. Root 
densitydistributionsweregreaterforalldepthclasses in transition 
zones compared to panspots but only the 0 to 5 cm depth showed 
significantly higher rootmass in transition zone soils (Table 6). 

Table 6. Rootmsss means (% dry soil weight), standard deviations, and 
standard errors by individual and pooled depth chases for panspots 
(pan) and transition zone (transition) soils. 

Depth Mea” Standard Dev. Standard error 
class Pan Transition Pan Transition Pan Transition 

(cm) 
O-5 0.29 0.58 0.08 0.25 0.08 0.16 
5-10 0.21 0.25 0.04 0.07 0.06 0.07 

l&15 0.10 0.14 0.03 0.07 0.03 0.04 

O-30 0.16 0.25 0.09 0.03 0.04 0.07 

%g”ifiCa”t at 0.10 level. 
Incremental increases in rootmass with distance along transects 
were inconsistent (Fig. 2). Transect 3 illustrates a gradual increase 
in ~ootmass with distance into the transition zone, but transect 4 

01 , Pampot T.a”*ifio” *one 
I I 1 

-60 
I I 

-15 15 60 

Distance from boundary (cm) 

Fig. 2. Rootmsss comparisons (as percent of dry soil weight) between 
transects 3 and 4 at O-5 cm depth PS a function of distance on tmnsect. 

had only slightly higher values in the transition zone with a maxi- 
mum found on the boundary. 

Discussion 

Vegetation Analyses 
Forage yield, litter cover, and species composition vary markedly 

for panspot, transition zone, and Belfield soils. The distinctive 
range communities are in close proximity and are characteristic of 
sodium-affected landscapes (Sandovaland Reichman 1971, White 
et al. 1981). Salt tolerant species identified on panspot and transi- 
tion zone soils of this study were widely recognized on other 
sodium-affected soils of the Northern Great Plains and in soils in 
big sagebrush communities (Arfemisio fridentara rridentata Nutt.) 
of the Great Basin Physiographic Province (Hugie and Passey 
1964; Eckert et al. 1978, 1986). 

Increased litter in transition zone areas creates higher al&do, 
which has been reported to affect substantial changes in both the 
thermal regime of soils and the resultant soil moisture status (Oke 
1978). Litter also acts as a mulch, reducing the amount of moisture 
lost from the soil by damping maximum and minimum soil surface 
air temperatures and increasing humidity. The mulch effect was 
demonstrated hyEvansandYoung(1970)intheirstudyonpopula- 
tion dynamics in cheatgrass (Bromus recrorum L.). These micro- 
site properties may maintain a higher humidity and a more moder- 
ate thermal regime in transition zones as compared to panspot 
soils. 

Cryptogams were observed to be an integral vegetative com- 
ponent in transition zone soils (Fig. 3). Nosroc spp. were the 

Fig. 3. Cryptogsmir vegetation (Nosloc spp.) in P transition zone (note 
polygonal cracking). 

218 JOURNAL OF RANGE MANAGEMENT 44(3), May 199, 



dominant cryptogam (T. Esslinger, personal communication). 
Cryptogams have been extensively studied in the Great Basin 
Physiographic Province; Anderson et al. (1982) state that the 
success of algae and fungi on saline sites is “undoubtedly related to 
physiologic tolerance.” The presence of algal species has been 
noted locally in panspot soils by White et al. (1981). In this study 
algal growth seems adapted to transition zone areas; little algae 
was observed in panspots. 

Polygonal cracking was observed in transition zone soils in 
preliminary fieldwork (Hopkins et al. 1987b), and close inspection 
of the landscape during this study revealed that polygonal cracking 
was restricted to transition zone soils. Soil microtopography, espe- 
cially cracking, was shown by Harper et al. (1965) to be a major 
factor controlling seed germination, because micro- 
topographic variations “determine the frequency on the soil sur- 
face of microsites sufficiently humid for germination”. In an exten- 
sive sampling of natural vegetation on crusted Aridisols in Nevada, 
Eckert et al. (1986) observed greater plant densities in trenches and 
polygonal cracks than on adjacent crusted soils. 

Root Density Distribution 
We believe the transition zones are not ephemeral phenomenon 

as evidenced by significantly higher rootmass values in transition 
zones compared to panspots for the 0 to 5 cm depth. Increased 
rooting activity results in increased organic matter contents and 
available water capacities in transition zone soil surfaces. Belfield 
soils are markedly different from panspot and transition zone soils 
and exhibit a 4-fold increase in root biomass in the 0 to 30 cm 
depth. 

The presence of roots in panspots poses a question of origin. 
There is a possibility that rootmass values reflect sporadic growth 
of halophytic vegetation in moist years. The rare occasion of 
moisture in panspots when biotic activity is high, however, sug- 
gests that organic matter decomposition would be minimal. Alter- 
natively, these roots may be relict features. Johnson et al. (1985) 
have shown that panspots are “erosional features that tend to move 
upslope”. The panspots in this study are similar features; roots 
found in these panspots may have developed under different soil 
conditions and exist in a somewhat preserved state. 

Gradient Transect Analysis 
The number of transects with negative regression coefficients in 

the 0 to 5 cm depth class indicates a strong trend supporting our 
hypothesis of reduced soil EC in transition zones (Table 5). Vegeta- 
tion establishment and growth in transition zones may increase 
infiltration and slowly improve soil structure resulting in lower 
levels of soil salinity. Supporting evidence for this process was 
reported by Hopkins et al. (1990). Significant reductions for both 
depth to gypsum and weighted soil EC in transition zones were 
obtained from soil pedons sampled uniformly on this study site. 
Vegetation establishment in transition zones, however, may simply 
reflect random distribution of zones of lower soil salinity in pan- 
spot soils; seeds are preferentially established where osmotic stress 
is minimized. 

Lewis et al. (1959) used radioactive sulfur to trace soil moisture 
movement in panspot soils and demonstrated that “soil moisture 
moved into the panspot soil at some undetermined depth from the 
surrounding associated soil”. The gradient for water flow was 
caused by the very low osmotic/ matric potential for the panspot 
soil compared to adjacent soils characterized by relatively rapid, 
downward water flow. These adjacent soils, similar to Belfield soils 
in our study, act essentially as recharge zones. Water is transferred 
through the solum to saline, impermeable substrata, and becomes 
concentrated, following the water potential gradient to panspots, 
which are the hydraulic discharge zones. As the discharge zones 
dry, polygonal cracks form due to the high percentage of smectite. 

The polygonal cracking that we observed in transition zone soils 
does not appear to be caused by elevational gradients between 
panspots and transition zones. Results from comparisons of 
microtopographic elevation indicate less than 5 mm difference 
between panspot and transition zone surfaces. In many cases tran- 
sition zones were the same elevation as adjacent panspot surfaces. 
Differential ponding following precipitation does not appear to be 
a factor in development of polygonal cracking or reductions in soil 
salinity in transition zones. 

Continued maintenance of plant growth in transition zones 
fosters the beneficial properties mentioned earlier and effects the 
reversal of water flow in transition zones from discharge to 
recharge. The initiation of a leaching profile in transition zones is 
the first step towards natural reclamation of the panspot/ transition 
soil complex. 
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Selecting Atriplex canescens for greater tolerance to 
competition 
DARRELL N. UECKERT AND JOSEPH L. PETERSEN 

Abstract 

Success in establishing fourwing saltbush [A triplex canescens 
(Pursh) Nutt.] is often limited by competition from associated 
vegetation. Fourwing saltbush is reported to have abundant natu- 
ral genetic variation, hence selection for plant vigor or competi- 
tiveness may be an effective tool for cultivar improvement. We 
observed distinctive within-accession variation in the apparent 
ability of founving saltbush seedlings to tolerate competition from 
sideoats gama [Bouteloua curtipendula (Michx.) Torr.] in a 1982 
field planting. Superior and inferior parental saltbush phenotypes 
in the field planting were cloned in 1984 by rooting stem cuttings, 
and the cloned propagules were transplanted into plots with or 
without competition to test the hypothesis that the competitiveness 
trait was genetically controlled. Survival and canopy development 
of superior and inferior clones planted at the same time in competi- 
tion regimens were similar, suggesting that the parental pheno- 
types were not genetically different in their ability to tolerate 
competition. Differences observed in the parental phenotypes may 
have been environmentally induced, or genetic differences in the 
clonal material may have been masked by using rooted cuttings 
rather than seedlings, by excessive competitive pressure in the 
competition regimens utilized, or both. Clones from the 2 parental 
phenotypes performed similarly when transplanted into competition- 
free regimens in November when growing conditions were favor- 
able, but canopy development of clones from superior parental 
phenotypes exceeded that of those from inferior parental pheno- 
types when transplanted into competition-free regimens in April 
when growing conditions were poor. 

Key Words: fourwing saltbush, seedling establishment, cultivar 
improvement, genotype 
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Fourwing saltbush [Atriplex cunescens (Pursh) Nutt.] is widely 
used for rangeland reseeding and revegetation of disturbed sites 
because of its broad range of adaptation to soils and climate, 
winter leaf retention, and its potential to produce high-quality 
forage for livestock and wildlife. Success in establishing productive 
fourwing saltbush stands has been highly variable (Springfield 
1970, Nord et al. 1971, Aldon 1972, Petersen et al. 1986), and 
failures have often been attributed to the detrimental impact of 
competing vegetation on seedling establishment and growth 
(Giunta et al. 1975, Van Epps and McKell 1983, Geist and Edger- 
ton 1984, Petersen et al. 1986, Petersen et al. 1990). Because the 
control of competing vegetation in fourwing saltbush plantings is 
usually neither practical nor economically feasible, selection for 
greater competitive ability appears to be an alternative strategy 
worthy of investigation. 

Variation in growth form and seedling vigor among and within 
fourwing saltbush accessions and ecotypes has been recognized 
(Blauer et al. 1976, McArthur et al. 1983, Petersen et al. 1987, 
Tiedemann et al. 1987). The variation among plants within an 
accession has been attributed to the outcrossing, principally dioe- 
cious, flowering habit (McArthur et al. 1983). The abundant natu- 
ral genetic variation exhibited by this species permits significant 
responses to selection (Stutz and Carlson 1985), and 3 cultivars 
have been released by selecting superior plants adapted to large 
geographical areas (Carlson 1984). 

The use of rooted cuttings permits superior plant materials to be 
increased rapidly without loss of genetic integrity (Everett et al. 
1978). Procedures for rooting cuttings of fourwing saltbush have 
been developed (Wiesner and Johnson 1977, McArthur et al. 
1984), and traits of superior parental plants are reported to be 
constant in their cloned propagules (McArthur et al. 1978). 

We observed extreme variability in the growth rates of fourwing 
saltbush seedlings from a San Angelo, Texas, accession trans- 



planted into a sideoats grama [Bouteloua curtipendula (Michx.) 
Torr.] sward in 1982 (Petersen et al. 1986). “Superior”phenotypes 
were >75 cm tall and much-branched after 17 months, whereas 
“inferior’* phenotypes of the same accession, subjected to the same 
cultural treatments, were <20 cm tall and sparsely branched. We 
hypothesized that these differences were due to genetic variation in 
the ability to tolerate competition among plants within the acces- 
sion. The objective of this study was to determine if the ability of 
superior and inferior fourwing saltbush plants to tolerate competi- 
tion was genetically controlled. Our approach was to clone super- 
ior and inferior plants and determine if the trait was constant in the 
vegetative propagules when transplanted into areas with or with- 
out competing vegetation. 

Materials and Methods 

The study was conducted on a clay loam soil (Kimbrough- 
Mereta-Angelo association) (Petrocalcic and Torrertic Calcius- 
tolls) 8 km northwest of San Angelo, Texas in the southern rolling 
plains resource area. Elevation is about 580 m and mean annual 
precipitation is 47 cm. 

Seeds were harvested in November 1980 from about 100 four- 
wing saltbush plants in a natural population growing in an undeve- 
loped area within the city limits of San Angelo. The population was 
identified as being tetraploid (Jerry Barrow, USDA-Agr. Res. 
Service, Las Cruces, N.Mex., personal communication). We 
assumed that the population was a single ecotype with a relatively 
narrow genetic base. Attributes of the ecotype have been described 
by Petersen et al. (1987). Seedlings were grown from this bulk seed 
harvest in a greenhouse for 15 weeks, then 1,116 of the seedlings 
were transplanted into a stand of ‘El Reno’sideoats grama in April 
1982 (Petersen et al. 1986). Growth rates of 511 seedlings that 
survived were recorded for 38 months after transplanting. Superior 
individuals were identified after 17 months as those that were 
much-branched with canopy heights >75 cm and canopy diame- 
ters >50 cm, and inferior individuals were identified as those 
sparsely branched with canopy heights and diameters <20 cm. 

softwood (succulent current year’s growth) were placed in an ice 
chest and transported to the greenhouse. Cuttings 10 to 12 cm long 

Stem cuttings were rooted from about 25 superior and about 200 
inferior plants during June and November 1984. Cuttings of leafy 

mined 12 and 24 months after transplanting. Plant height was 
measured to the tallest stem, and plant diameter was the average of 
crown intercept parallel with the row and perpendicular to the row. 
Oven-dry standing crops of associated grasses and broadleaf weeds 
in the sideoats grama plots were estimated by harvesting at ground 
level from 15,0.25-mz quadrats in September 1986. Floral pheno- 
type (9 = pistillate, ‘d = staminate, [Od] = monoecious, or no 
flowering) of each shrub was recorded in July 1988. 

Clone responses within the competition and competition-free 
regimens were compared separately for each planting date by 
analyses of variance (p10.05) since competition was not consi- 
dered a treatment. Transformation of percentage data (sine -‘&) 
did not change data interpretation, so actual values are presented. 
Chi-square analyses were used to determine if ratios of sexual 
phenotypes among the clonal populations were similar to the 
expected 55?: 35d : 10[ 9 d], for tetraploid populations (McAr- 
thur 1977). 

Results and Discussion 

Growing conditions were more favorable for clones planted in 
November 1984compared to April 1985. About 21 cm of precipita- 
tion were received during the 60-day period preceding planting and 
11 cm were received during the 90-day period after planting in 
November 1984. Only 2 and 17 cm of precipitation were received in 
the 60-day period preceding planting and the 90-day period after 
planting in April 1985, respectively. Total precipitation received 
during the 12-month period after planting was 47 and 38 cm for the 
November and April plantings, respectively. Peak standing crop of 
grasses and forbs during September 1986 was 1,890 f 314 (.? f 
S.E.) and 2,870 f 217 kg/ ha for competition regimens planted in 
November and April, respectively. 

Table 1. Mean survival, canopy heights, and canopy diameters of clones 
from superior and inferior fourwing saltbush parental phenotypes trans- 

Fourwing saltbush clones in the sideoats grama swards were 
obviously stressed, compared to those observed in competition- 
free plots, as evidenced by lower survival percentages and decreased 
canopy development (Table 1). Clones planted in the sideoats 
grama in April were more seriously stressed than those planted in 
November because of drier conditions at time of the April planting. 

were stripped of basal leaves (lower 4 cm) and submersed in water. planted into competition or competition-free regimens in November 
Basal ends were dipped in a commercial rooting hormone talc 1984 and April 1985 on a clay loam soil near San Angelo, Texas.* 

(0.3% indole-3-butyhc acid [4-(3-indolyl)butyricacid]}, then inserted 
into individual plastic potting cups (5 X 5 X 5 cm) containing sand, 
vermiculite, and peat moss (1: 1: l,v/v/v). An automatic, intermit- 
tent misting system applied a fine mist of water for 15 set every 30 
min. Greenhouse air temperatures were 16 to 30’ C during 
June-July and 10 to 27’ C during November. Cuttings were trans- 
ferred to plastic tubepacks (4 X 5 X 18 cm) containing soil, vermic- 
ulite, and peat moss (1: 1: 1) after roots appeared through the bot- 
toms of the potting cups (10 to 30 days). Rooted cuttings were 
maintained in the greenhouse about 6 weeks then moved to a 
lathhouse for environmental conditioning. 

Parental 
phenotype 

Superior 
Inferior 

The field experiment was arranged as a randomized, complete 
block with 2 planting dates, 15 November 1984 and 23 April 1985, 
and 4 replications. A replication consisted of 19 rooted cuttings 
from superior or inferior plants transplanted on 1.5-m centers in 
rows 3.4 m apart within a sideoats grama sward (competition 
regimen) or in adjacent plots that had been initially tilled to kill 
existing vegetation and subsequently cultivated and hand weeded 
for the duration of the study (competition-free regimen). Each 
rooted cutting received 8 liters of water immediately after trans- 
planting, and those transplanted in April received an additional 8 
liters 23 days after transplanting. 

Superior 
Inferior 

Superior 
Inferior 

Superior 

Inferior 

Survival, canopy heights, and canopy diameters were deter- 
‘Values in parentheses following means are standard errors. Means separated by an * 
are significantly different (KO.05). 

Survival Canopy height Canopy diameter 

Months after transplanting 

I2 24 I2 24 I2 24 

____(%)____ __________(cm)-_-------- 

Competition regimen 
---------Novembertransplanting--------- 
66 (7) 62 (9) I2 (2) 30(7) 6(l) 22(6) 
54 (8) 52 (8) I4 (I) 38 (8) 7(l) 26(7) 

__________Ap~lt~nsplanting _________ - 
27(S) 21 (8) lO(2) I6 (5) 5 (1) 10 (4) 
30 (7) I5 (8) 8 (1) 9 (2) 4(l) 7 (2) 

Competition-free regimen 
---------Novembertransplanting--------- 
74(6) 74(6) 68 (2) 95 (2) 82(2) I45 (I) 
80(3) 80(3) 64(6) 98(5) 77(5) 139(5) 

_ _ _ _ _ _ _ _ _ _ April transplanting _ _ _ _ _ _ _ _ _ _ 
81 (6) 81 (6) 55 (4) 92(5) 57 (4) I35 (9) 

83 (4) 79 (4) 4: (I) 7; (2) 4: (2) I I: (5) 
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Also, the sideoats grama was dormant at time of planting and for 
several months after planting in November, whereas spring growth 
of the grass shortly after the April planting probably increased the 
demand for a limited supply of soil water. The standing crop of 
competing vegetation was also greater in the plots planted in April 
compared to November. 

There was little definitive evidence that clones from superior 
parental plants were more vigorous or more tolerant of competi- 
tion than clones from inferior parental plants (Table 1). The only 
significant differences observed were that canopy heights and 
diameters of clones from superior individuals were greater than 
those from inferior individuals in the April planting in competition- 
free regimens. Survival of cuttings from the 2 parental phenotypes 
was similar within each of the competition regimens, and canopy 
development was similar within each of the competition regimens 
except for planting in April into competition-free areas. The 
absence of differences in survival and/or canopy development 
among clones from superior and inferior parental plants grown in 
the competition regimens (Table 1) suggests that the superior and 
inferior parental plants were not genetically different in ability to 
tolerate competition. Differences observed in canopy development 
in the 2 parental phenotypes may have been caused by microsite 
soil differences or other unknown biotic or abiotic factors. Growth 
of the inferior phenotypes in the 1982 study may have been stunted 
due to feeding by rodents or lagomorphs, while the superior pheno- 
types may have escaped herbivory. However, genetic differences 
among the superior and inferior parental phenotypes may not have 
been expressed by their vegetative propagules if our competition 
pressures exceeded the maximum threshold that could be tolerated 
by the superior genotype. Also, differences in growth rates 
observed in seedlings grown from seed in the 1982 study may have 
been masked by the use of rooted cuttings in this study. To our 
knowledge there have been no studies on the comparative devel- 
opment of root systems of fourwing saltbush seedlings and vegeta- 
tively propagated cuttings. 

None of the fourwing saltbush plants in the competition regi- 
mens were flowering in July 1988, apparently because of their small 
size and the stress imposed by associated vegetation. Ratios of 
pistillate, staminate, and monoecious phenotypes among clones 
from inferior parental plants planted into competition-free regi- 
mens were similar to those expected for tetraploid populations 
(Table 2). However, sex ratios of clones from superior parental 

Table 2. Floral phenotypic ratios of fourwing saltbush clones grown in 
competition-free plots.’ 

Date Parental Pistillate Staminate Monoecious 
planted phenotype 0 0’ codI x* p 

Nov. inferior 59 
Nov. superior 74 
Apr. inferior 51 
Apr. superior 93 

36 5 1.66 X.25 
26 0 13.26 <0.005 
43 6 3.02 X.10 

7 0 39.98 <0.005 

1~2values calculated based on expected ratio of 55 9 : 35d : 10 [ 0 d ] 

phenotypes planted into competition-free regimens were heavily 
skewed toward the pistillate type, and there were no monoecious 
plants. This suggests that pistillate plants are more competitive 
and/ or better adapted to favorable sites than staminate or monoe- 
cious plants. However, it is more likely that the unusual sexual 
phenotype ratios among clones from superior parent plants were 
associated with the small number of superior parent plants cloned 
(25 superior vs 200 inferior). 

Development of a fourwing saltbush cultivar with improved 
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survivability and growth rates in the presence of competition by 
selection within a single, narrow-based genetic population may be 
difficult to achieve, but additional research toward this goal is 
warranted. Chances for success in achieving this goal would 
obviously be greater if broader genetic populations were sampled, 
Researchers should be aware that distinctive performance of spe- 
cific plants may be a function of environment and not of genetics, 
even within plantings on apparently homogenous sites. 
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Factors affecting weeping lovegrass seedling vigor on 
shinnery oak range 
WILLIAM MATIZHA AND BILL E. DAHL 

Abstract 

Low vigor of seedlings and stand failures plague many revegeta- 
tion efforts in semiarid and arid rangelands. Phototoxicity, sand- 
hur (Cenchrus incertus M.A. Curtis) competition, seedbed prepa- 
ration (plowing vs. disking), and nitrogen (N) fertilization were 
studied as reasons for low vigor of Ermelo weeping lovegrass 
[Eragrostis curvula Schrad.) Nees] seedlings on sand shinnery oak 
(Quercus kavardii Rydb.) range in west Texas. Oak leaf residue 
and sandbur-dominated grass residue extracts did not affect seed 
germination and initial shoot growth of lovegrass seedlings. How- 
ever, these residue extracts reduced root length 92% and 21%, 
respectively. Survival of weeping lovegrass seedlings was not 
affected by even 65 sandbur plants/m*. But, herbage yield was 
reduced 65,12, and 79% with 30,45, and 65 sandbur plants/m*. 
Early in the growing season, unfertilized plowed (P) plots had 5.6 
ppm N in the lo-20 cm soil layer compared to a maximum of 3.9 
ppm on other seedbed treatments. In the surface 10 cm, the P plots 
had less N than the disked plots. Surface-applied N fertilizer 
accumulated in the upper 10 cm of soil and promoted weed growth 
without improving weeping lovegrass stands or seedling vigor. 
Weeping lovegrass seedling vigor was greatest on P and least on 
disked plots. Thus, plowing buried weed seeds better, put resident 
N more deeply into the soil for better root uptake, removed allelo- 
pathic residues from seedling contact better, and provided for 
much higher seedling vigor than the disked seedbeds. 

Key Words: seedling vigor, allelopathy, seedbed preparation, 
weeping lovegrass, sandbur, seedling fertilization 

Weeping lovegrass [Erugrostis curvula (Schrad.) Nees], an 
introduced species from southern Africa, is becoming an impor- 
tant forage on seeded ranges of west Texas. Relative to native 
range, this grass has been shown to increase forage and beef 
production (Shoop et al. 1976). However, establishing vigorous 
stands of weeping lovegrass is a big challenge on semiarid West 
Texas rangeland. 

The major purpose of seedbed preparation is to control weed 
competition (Vallentine 1980). Previous experience on semiarid 
sand shinnery oak (Qnercus havardii Rydb.) range (Cotter and 
Dahl 1982, Cotter et al. 1984) showed that ‘Ermelo’weeping love- 
grass growing in moldboard plowed plots had better stands and 
was more vigorous than in nontilled or tandem disked plots. 
Further, seedbed preparation can influence nutrient availability 
and distribution in the soil profile (Groffman 1985, Webster et al. 
1985, Kovacic et al. 1986). Grass seedling response to nitrogen (N) 
fertilization has not been readily predictable and much debated 
(Welch et al. 1962, McKelll972, Howe and Snaydon 1986, Benner 
and Bazzaz 1987). Phytotoxic suppression of seedling develop- 
ment has been reported by several authors (Dalrymple and Rogers 
1983, Rice 1984, Harrington 1987, Karachiand Pieper 1987, Roder 
et al. 1988), but no record of the phytotoxic suppression of weeping 
lovegrass establishment on sand shinnery oak range could be 
found. 
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Vigorous grass seedlings have improved winter (White 1984) 
drought (Bovey et al. 1986) survival. In addition, high seedling 
vigor would be expected to have other benefits such as speeding up 
stand development, soil stabilization, and reducing the time a 
stand takes to be ready for the first grazing. The purpose of this 
study was to examine reasons for poor stands and low vigor of 
‘Ermelo’ weeping lovegrass seedlings on a semiarid sand shinnery 
oak range in west Texas. 

Materials and Methods 

Laboratory Phytoxicity Study 
Allelopathic effects of plant residues on ‘Ermelo’ weeping love- 

grass was tested for in the laboratory. Air-dry residues were col- 
lected in March 1987 from a sand shinnery oak range on the 
Double U ranch near Post, Texas. Residues were separated into 
sand shinnery oak leaves and grass material predominantly com- 
posed of sandbur (Cenchrus incerfus M.A. Curtis). The residues 
were ground to pass a 40-mesh screen. Extracts were prepared 
from 10 grams of ground material agitated for 2 hours by a mag- 
netic stirrer in 175 ml of cold distilled water. The extracts were 
filtered through No. 2 filter paper, placed in a perforated ceramic 
funnel under vacuum, and stored in a refrigerator. In each of 
fifteen g-cm diameter petri dishes, weeping lovegrass seeds were 
placed on filter paper to which either distilled water, oak leaf 
residue extract, or grass residue extract were applied. Dishes were 
arranged at random. The seeds were incubated under saturated 
conditions at 25” C in a dark growth chamber for 10 days. Germi- 
nation was determined at 7 days while root and shoot lengths of 8 
randomly picked seedlings per petri dish were measured at 10 days 
of incubation (Rice 1984). 

Field Studies 
The effects of sandbur infestation, seedbed type, and N fertiliza- 

tion on weeping lovegrass basal cover and vigor were studied on 
Double U Ranch near Post, in semiarid Garza County. Weeds 
other than sandbur did occur in the study plots. However, sandbur 
was the dominant competitive influence, and its competitive role 
influencing weeping lovegrass seedling is emphasized in this study. 
Soil at the site is a Brownfield series (loamy, mixed, thermic, 
Arenic Aridic Paleustalf) which had pre-trial levels of available N, 
P, and K at 3.4,3.1, and 93.8 ppm, respectively, and a pH of 8.4 at 0 
to 6 in depth. The climate is warm, temperate, subtropical with an 
average growing season of 216 days (Richardson et al. 1965). 
About 75% of the 478 mm average annual precipitation occurs 
during the warm season of May through October. May and June 
are the wettest months. Summer droughts of 2 to 3 weeks, or 
longer, are common. Although the maximum temperatures aver- 
age 35O C during July, they can fall to 0’ C or less in winter. Climax 
vegetation for the site is a tall grass prairie with scattered clumps of 
scrub oak (Richardson et al. 1965). Permanent vegetative cover is 
essential for soil stabilization. Study plots were located on con- 
verted rangeland dominated by sandbur and shinnery oak. 

Sandbur Competition Study 
The impact of sandbur interference on survival and vigor of first 

season weeping lovegrass was determined on four 2.3 X 20 m 
blocks prepared by plowing with a turning-disk plow on 1 May 
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1987. On 4 May, weeping lovegrass was seeded into dry soil at a 
row spacing of 46 cm and a seeding rate of 1.8 kg pure live seeds per 
hectare. Lovegrass and sandbur seedlings emerged on 18 May after 
58 mm of rain on 16 May. Forty-five days later, sandbur seedlings 
on 2 X l-m plots were thinned on either 0,30,45, or 65 plants per 
m2 to attain as even a distribution as possible. Any additional 
sandbur or other weed seedlings emerging thereafter were removed. 
Also, weeping lovegrass seedlings in each plot were thinned to 20 
plants per m2 (1 plant/20 cm). Survival, seedhead numbers, and 
herbage yield of weeping lovegrass were measured in November 
1987. 

Seedbed Preparation and N Fertilization Study 
The effects of seedbed preparation and N fertilization on first 

year stand and vigor of weeping lovegrass, and on availability and 
distribution of N in the soil profile, were parameters measured. On 
each of 4 blocks, seedbeds were prepared on 8.5 X 20-m main plots 
by plowing with a turning-disk plow (P), burning plus late tandem- 
disking (BD), early tandemdisking (ED), and late tandemdisking 
(LD). Experimental design of field plots was a randomized com- 
plete block. 

The BD plots were burned on 25 March 1987 before grass started 
to green and the seedbed was prepared by tandemdisking on 1 
May. The ED treatment comprised 3 passes with a tandem disk- 
harrow on 13 March 1987. The late tandemdiskingoperation was 
similar to ED except that it was delayed to I May 1987. Depth of 
disking was lo-14 cm. The P comprised one, 21-cm deep pass on 1 
May 1987. Weeping lovegrass was planted 0.5 to 2.0 cm into dry 
soil on 4 May using a seed drill equipped with double-disk openers 
and depth-regulator bands. Seeding rate was 1.8 kg pure live seeds 
per hectare on 46-cm wide rows. Seedlings emerged on 18 May 
following 58 mm of rain on 16 May. Four soil samples were 
collected from each plot at 0 to 10 and 10 to 20 cm depths. The 4 
samples from each depth were composited and placed in air-tight 
plastic bags and preserved under dry ice before deep freezing them 
in the laboratory. Plant-available N (NH,’ and NOs-) was deter- 
mined by the specific-ion electrode methods (Keeney and Nelson 
1982; Orion Research, Inc. 1979, 1986). On 10 June, ammonium 
nitrate fertilizer treatments were applied to the soil surface of three, 
2.3 X 20-m subplots (5 rows) of weeping lovegrass seedlings in each 
main plot. Each subplot received either 0, 30, or 60 kg N per 
hectare. Soil samples were collected from each subplot on 7 July 
and 28 September 1987. All soil samples were collected at least 5 
days after a rainfall event so that nitrate leaching would not vitiate 
the results of soil analysis (Bremner 1965). Rainfall and weekly 
minimum and maximum temperatures were measured on site. 
Measured monthly amounts in mm were: 230,20,135,14,57, and 4 
for May through October. 

Data on sandbur and other weed infestation and weeping love- 
grass response were collected in November 1987 from randomly 
placed quadrats, or row segments, on the center 3 rows of each 
subplot. Sandbur and other weed infestation were measured by 
ocular estimate of canopy cover. Weeping lovegrass stand was 
measured as percent of basal cover along a row, a gap greater than 
2.5 cm being considered unoccupied. The vigor of weeping love- 
grass was assessed by measuring plant height, seedhead numbers, 
and herbage yield (Hull 1954, McKell 1972, Cook and Stubben- 
dieck 1986). 

Weeping lovegrass stand and seedhead counts were transformed 
before statistical analysis by (100 - Y)Ob and (Y + 0.5)‘“, respec- 
tively, where Y was the value as measured in the original scale. For 
presentation, however, the data were converted to the original 
scale, but it was inappropriate to convert standard errors (SE) of 
means (Steel and Torrie 1980). All data were subjected to analysis 
of variance, and means were separated by Fisher’s protected least 
significant difference (L.S.D.) test (SAS 1984, 1986). Simple 

effects were examined for significant interactions according to 
Steel and Torrie (1980). A regression equation of herbage yield on 
sandbur infestation was established. 

Results and Discussion 

Laboratory Phytotoxicity Study 
Neither oak leaf nor grass residue extracts significantly affected 

germination and shoot growth of weeping lovegrass (Table 1). 
Root length, however, was significantly reduced 21% by grass 
residue extract and 92% by oak leaf residue extract (P<O.O5). In a 
similar study by Roder et al. (1988), leachates from sandbur 
[( Cenchrus longkpinus (Hack.)] plants, composited over pheno- 
logical stages, reduced initial root growth and increased shoot 
growth of switchgrass (Punicum virgutum L.) seedlings without 
affecting germination. Leachates from Gambel oak (Quercus 

Table 1. Allelopatbk effects of range litter (predominantly sandbars) and 
sand shinnery oak leaf residue on germination and root and shoot 
growth of Ermelo weeping lovegrass. 

Means’ 

Treatment 

Shoot Root 
Germination length length 

(%) (nun) (mm) 
Distilled water (control) 48a 
Grass litter extract 43a 
Oak leaf extract 4oa 
S.E. of means (12 DF) 6 

30a 
39a 
31a 
2 

31a 
24b 

3c 
2 

*Means within a column followed by the same letter are not significantly different 
(Protected LSD. test) (I90.05). 

gumbelii Nutt.) litter reduced radicle growth and speed of germina- 
tion of ponderosa pine (pinus ponderosa Laws) but not total 
germination (Harrington 1987). Osmotic concentrations of extracts 
which are too high may confound allelopathic effects (Anderson 
and Loucks 1966, McWilliams et al. 1970). McDonough (1977) 
recommended extracts with osmotic potentials less than 0.05 MPa. 
For some forage species, however, osmotic potentials up to 0.6 to 
1.0 MPa may not affect germination (Knipe 1968, Young et al. 
1970). Osmotic potentials were not measured in this study, but the 
water:residue ratio was comparable to, or greater than, those used 
by some authors (Dalrymple and Rogers 1983, Harrington 1987). 
Further, osmotic concentrations apparently have not confounded 
phytotoxic effects because germination and shoot growth were 
unaffected by the extracts. Residue effects on early root growth of 
weeping lovegrass were not, but need to be, confirmed in the field. 

Field Studies 
The 461 mm of rainfall received from May through October 

1987 was above average for Garza County, and good stands of 
weeping lovegrass resulted. Rainfall amount and distribution in 
May 1987 were far above the minimum requirements for high rates 
of weeping lovegrass germination (Wester et al. 1986). 

Sandbur Competition Study 
Sandbur infestation up to 65 plants/ mz did not affect weeping 

lovegrass survival (all lovegrass plants survived) on unfertilized 
plots. Herbage and seedhead production, however, were drasti- 
cally reduced by competing sandbur seedlings (P<O.O5) (Table 2). 
Relative to sandbur-free plots, herbage yield was reduced 65, 72, 
and 79%, while seedhead production was reduced 89,92, and 9490, 
at 30,45, and 65 sandbur plants per mz, respectively (P<O.O5). The 
regression equation of herbage yield on sandbur infestation, and 
the associated coefficient of determination, were: 

Y = 194 - 7.9X+0.16X*; r* = 0.84, 

where Y is grams of lovegrass herbage dry matter/m2 and X is the 
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Table 2. Mean herbage and seedhead production of Ermeio weeping iove- 
grass at 4 densities of sandbur.r 

Herbage yield Seedhead 
Sandbur plants/m2 (g/m*) (Number/m*) 

0 i94a 8.Oa 
30 68b 0.8b 
45 55b 0.6b 
65 41b 0.5b 

SE of means (9df) 21 

‘Means within a column followed by the same letter are not significantly different 
(Protected LAD. test) (J90.05). 

number of sandbur plants/m*. Bryan and McMurphy (1968) 
reported that weeds drastically reduced seedling stature of 5 
grasses which included weeping lovegrass. Their grasses failed to 
produce seedheads in the first year of planting. Most perennial 
grasses are particularly susceptible to competition in the seedling 
stage because of low seedling vigor and slow early growth com- 
pared to annual species (Evans and Young 1972). These findings 
are consistent with results of this study. Sandbur effect on weeping 
lovegrass could be a combination of phytotoxicity and competi- 
tion for nutrients, especially N and water. 

Seedbed Preparation and N Studies 
Seedbed strongly affected (P = 0.001) weeping lovegrass seed- 

lings’vigor. Herbage yield, plant height, and seedhead number of 
weeping lovegrass were much greater on P plots than on any other 
seedbed treatment (Table 3). Trends in seedling vigor corres- 

Table 3. Effect of seedbed treatments and nitrogen fertilizer on first season 
weed canopy and on Ermeio weeping lovegrass herbage production, 
plant height, and seedhead production. 

Variable’ 
Herbage Plant Seedheads Weed 

yield height per meter cover* 
of row 

Seedbed treatments 
Plowed 
Burned & disked 
Early disked 
Late disked 
S.E. of Means (9 d.f.) 

Nitrogen fertilizer 
treatments (kg N/ha) 

0 
30 
60 

S.E. of Means (6 d.f.) 

(sl m*) (4 (no) (%I 

145a 41a 2a 46b 
73b 32b 0.5b 60a 
52bc 29bc 0 b 56ab 
45c 28c 0.4b 66a 
30 4 I2 

7Oa 32a 0 a 53b 
83a 33a 0.9a 57ab 
83a 32a 0.8a 60a 
21 2 6 

‘Means within a column followed by the same letter are not different (Protected 
LSD. test) (130.05). 
‘Weed cover included sandbur and other weeds. 

ponded to trends in N content in the 10 to 20-cm soil layer as 
determined early in the growing season (Fig. 1). Seedlings grew 
better on seedbeds where soil N was higher below IO cm and where 
favorable moisture conditions and root growth occurred most of 
the growing season. Early in the growing season P plots had a 
higher content of N in the 10 to 20-cm layer and a lower content in 
the surface IO-cm layer compared to other seedbed treatments 
(Fig. 1). Groffman (1985) and Webster et al. (1985) reported 
plowed soils also had more plant-available N in lower layers than 
no-tillage or conservation-tillage soils. Webster et al. (1985) specu- 
lated that the supply of N to plants was more restricted in no- 

q  Burned+disked 

O-l 0 1 O-20 

Soil depth (cm) 

Fig. 1. Interaction of seedbed type and soil depth for plant-available 
nitrogen in soil samples collected from unfertliized Ermeio weeping 
\vegrass plots on 3 June 1987. Seedlings emerged 18 May 1987. 
’ Means at a depth followed by the same small letter are not signlfi- 

cantiy different (Protected L.S.D. test) (C-0.05); S.E.=0.66. 
Means within a seedbed type were not signiflcrntly different 

(Protected L.S.D. test) (p>O.OS); S.E. q  1.74. 

tillage or conservation-tillage, than in plowed soils because unde- 
composed residue in the top 7.6cm of unplowed soils tied up the N. 

Nitrogen fertilization had no effect (DO.05) on weeping love- 
grass seedling vigor (Table 3). Twenty-seven days after N fertiliza- 
tion, the concentration of N in both the 0 to 10 and the 10 to 20-cm 
layers increased with the rate of N fertilization, but the increase was 
greater in the upper layer (Fig. 2). Thus, more of the surface- 
applied fertilizer accumulated in the surface 10 cm of soil and may 

30 

1 
O-1 0 cm depth 

2b 4’0 6’0 80 

Fertilizer (kgN/ha) 

Fig. 2. Interaction of soil depth and fertilizer rate for plant-available 
nitrogen in soil samples collected from Ermeio weeping lovegrass plots 
on 7 July 1987. Seedlings emerged 18 May, and fertilizer was applied on 
10 Junt 1987. 

s’ Means at the same level of fertilizer followed by the same small 
letter are not significantly different (Protected L.S.D. test) (C-0.05); 
S.i& 3.89. 

Means within a depth followed by the same capital letter are not 
significantly different (Protected L.S.D. test) B-0.05); S.E. = 5.25. 
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not have been readily available to weeping lovegrass seedlings 
whose roots extended into deeper soil horizons. Summer rainfall in 
semiarid areas rarely results in deep movement of available N 
(Stoddart et al. 1975). Only 62 mm of rain was received between N 
application and 7 July 1987, the soil sampling date. By 28 Sep- 
tember 1987, 110 days after fertilizaton, any differences in N con- 
tent between seedbed treatments, fertilizer rates, or soil layers had 
disappeared. The drastic decline in the level of N on fertilized plots 
is attributable primarily to a flush of growth of the annual weeds 
(including sandbur), induced by favorable moisture and high N 
fertility. Also, the literature reveals that N fertilization does not 
improve grass establishment in semiarid climates (Welch et al. 
1962, Bryan and McMurphy 1968, Warnes and Newell 1969, Val- 
lentine 1980). Instead, N fertilization usually reduces perennial 
grass stands because of increased competition from annual weeds 
(Evans and Young 1972). In our study, sandbur and other weeds, 
as well as dead weeping lovegrass seedlings, were most numerous 
on LD plots receiving 60 kg N/ ha. Welch et al. (1962) found that N 
fertilizer increased the growth of species with medium and high 
seedling vigor but seedling development of species with low seed- 
ling vigor was so slow that fertilizer was of no benefit. For N 
fertilizer to benefit seedlings of planted grass species in semiarid 
climates, it will probably have to be placed at a 10 cm depth or 
greater in the soil. 

Our lab studies of phytotoxicity from vegetation litter indicated 
that oak and sandbur litter reduced and, in some cases, eliminated, 
radicle and root development in weeping lovegrass seedlings. 
Because tandem disking primarily mixes plant litter with the sur- 
face 10 to 12 cm of soil and does not bury it, it is probable that plant 
litter (particularly oak litter), inhibited seedling root development. 
Plowing, on the other hand, buried the plant residues away from 
seedling root development. 
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Conclusions 

In field seedings, weeping lovegrass stand and vigor were appar- 
ently reduced by phytotoxic inhibition of early root growth by oak 
leaf and sandburdominated grass residues. Sandbur infestations 
strongly competed with first season weeping lovegrass seedlings. 

The P plots which controlled sandbur the best had the most vigor- 
ous seedlings and the most consistently good stands. Also, P plots 
were richer in N in the 10 to 20 cm soil layer and poorer in the upper 
(0 to 10 cm) layer than the BD, ED, and LD plots. Thus, we believe 
the more vigorous weeping lovegrass seedlings obtained from 
plowing vs. disking resulted in better weed control, provided 
greater residue decomposition, eliminated phytotoxic seedling 
root inhibition, and increased N availability in the deeper soil 
horizon. Broadcast fertilization with N did not benefit weeping 
lovegrass basal cover and did not improve vigor; the surface- 
dressed N accumulated in the upper 10 cm of the soil and promoted 
sandbur growth rather than weeping lovegrass vigor. 

Our results indicate the preferable seedbed for weeping lovegrass 
plantings is plowing to bury undesirable plant seeds and to elimi- 
nate potential phytotoxic plant residues. 
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Managing range cattle for risk-the STEERISK spreadsheet 
RICHARD H. HART 

Abstract 

Variable weather, forage production, weed and pest problems, 
and livestock prices contribute to uncertainty in range livestock 
production. Because returns from livestock production, in which 
producers invest money and other resources, are uncertain, these 
variables are sources of risk. The STEERISK spreadsheet gives 
producers a tool to estimate the chances of different levels of forage 
production, test different management and marketing strategies, 
and estimate returns from them. Examples of STEERISK applica- 
tions include selecting the most profitable stocking rate and eval- 
uating the profitability of weed and insect control. 

Key Words: profitability, risk, variability of returns, optimiza- 
tion, stochastic modelling, economics 

Range livestock production is a risky business. The producer 
must balance productivity, stability, and sustainability, as defined 
by Conway (1987). If a production system offers high average 
profits (high productivity) but a great deal of year-to-year varia- 
tion in profits (low stability), or threatens the long-term productiv- 
ity of the range (low sustainability), it may be less desirable than a 
system with somewhat lower productivity but greater stability and 
sustainability. This is especially true of range systems in which (1) 
the profit margin is so low that the producer may not be able to 
survive more than 1 or 2 successive years of losses, and (2) the time 
and cost of restoring depleted range may be prohibitive. 

Variability and uncertainty are often used as synonyms for risk, 
but this is inappropriate. Economists define risk as a lack of 
predictability about structure, outcomes, or consequences in a 
decision or planning situation. However, there is a known or 
defined probability distribution of possible outcomes (Hertz and 
Thomas 1983). To the producer, risk involves an investment of 
resources in a situation in which the possibility or level of return is 
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uncertain. In other words, risk is uncertainty that the producer bets 
money on. 

Four major sources of economic risk must be considered in 
range livestock production. 

Variability of weather, especially precipitation, which is 
reflected in variability of forage production. 
Uncertainty about livestock prices, interest rates, and other 
financial variables. 
Possible destruction of forage by pests or disease. 
Danger of permanent damage to range plant communities 
and soil resources. 

Changes in technology and government programs also may con- 
tribute to risk. 

The STEERISK spreadsheet was developed to help cattle pro- 
ducers evaluate the impact of stocking rate and variability in forage 
production and prices on steer gains and on returns to land, labor, 
and management. STEERISK allows the producer to estimate 
returns from a range of possible levels of forage production, stock- 
ing rates, and buying and selling prices for cattle. From these 
possibilities, the producer can choose the stocking rate and market- 
ing schedule which best fits his/ her risk strategy and expectations 
of forage production and prices in a particular year, and estimate 
the consequences of errors in estimating forage production and 
prices. 

Rationale and Structure of STEERISK 

Three types of information are needed for risk analysis: 
1. Responses of livestock, range plant communities, and other 

segments of the range ecosystem to weather and management. 
2. Data sets or simulations from mathematical models to 

determine range of weather and forage availability and prob- 
ability of each level of weather and forage variables. 

3. A technique for economic analysis of weather and manage- 
ment impacts. 

The climate generator (Richardson et al. 1987) and the plant 
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Actual naxlmom gain, kg/da 

$0.20 1 

I 0.95 1 Inltlal Weight, kgg I 
Theoretical maximum galn, kg/da (a)1 1.13 I Purchase price, S//kg I 
Rate of drop in gain (b) 1 0.00625 1 Selllng price, S/kkg [ 
Days on pasture I 150 I Interest rate, \ I 

K L tl N 0 P P R S 

AM 
AkU 

250 1 MAA 
1.71 1 -RRRRRRRRRR sssssssss 
1.59 I ‘AGRICULTURAL’RESEARCH’SERVICE’ sssssssssss 

12.25 I AMA PLliu RRRR SSSS 

(Inclodes~veterlnary-care, supplements, transportation, and death loss) 
Carrying cost, S/head $81.52 
Carrying cost, S/head/day $0.54 

(includes interest, change In value of Initial wlght, and misc. costs) 

AAAA 

A&U 

AAAA 

MAk RRRR 

RRRR SSSS 

ssss 

A&U W 

RRRR 

RRRRRRRR 

ssss 

ssssssss 

RRRRRRRRRRRRSSSSSSSSSSSS 

MM AMA RP.RRRRRRR 

RRRRRRRRRRSSSSSSSSSS 

ssssssss 

Prob. of 
higher 
forage 
prod’n 

0.01 
0.03 
0.05 
0.07 
0.09 
0.11 

o:t9 
0.91 
0.93 
0.95 
0.97 
0.99 

Hean 

----------,,pt~~“~ SR-----_____- -____-----P~xed SR-_--------___-- ---__------Pl~~ible Sf+_____-_____ 

Forage 
prod’n, stcar 

kg/ha da/ha 

1685 106.2 
1685 106.2 
1565 98.7 
1541 97.2 
1517 95.7 
1505 94.9 

Dally 
gain, 

kg 

Gain, 
W 
ha 

Return 
to LLFI, 

s/ha 

Steer 
da/ha 

I 120.0 1 

Dally 
gain, 

kg 

Gain, Return 
kg/ to LLI, 
ha S/ha 

steer 
da/ha 

Dally 
gain, 
kg 

0.74 
0.74 
0.74 
0.74 
0.74 
0.74 

0.74 
0.74 
0.74 
0.74 
0.74 
0.74 

0.74 

78.2 $66.58 120.0 0.6E 62.2 $65.46 I 40.0 1 0.95 
70.2 566.58 120.0 0.68 62.2 $65.46 t 40.0 1 0.95 
72.6 961.84 120.0 0.65 76.1 $56.95 I 40.0 I 0.95 
71.5 $60.89 120.0 0.64 77.2 $57.53 I 40.0 1 0.95 
70.4 $59.94 120.0 0.64 76.3 $56.06 I 40.0 1 0.95 
69.8 559.46 120.0 0.63 75.6 $55.30 I 40.0 I 0.95 

Gain, Return 
kg/ to LLN, 
ha S/ha 

36.0 $36.66 
38.0 538.68 
36.0 538.68 
38.0 $36.68 
38.0 $38.68 
36.0 $38.68 

734 46.3 
731 46.1 
669 42.2 
648 40.9 
584 36.8 
540 34.6 

1118 70.5 

34.1 $29.00 
33.9 828.08 
31.0 $26.43 
30.1 $25.60 
27.1 $23.07 
25.4 521.65 

51.9 544.16 

120.0 
120.0 
120.0 
120.0 
120.0 
120.0 

120.0 

0.11 13.0 (544.57) 
0.10 12.5 (S45.37) 
0.01 1.1 ($63.51) 

-0.03 -3.3 (570.45) 
-0.15 -18.5 (594.651 
-0.24 -26.6 (S110.74) 

0.31 37.3 lS5.661 

I 40.0 I 
I 40.0 1 
I 40.0 I 
I 40.0 1 
I 40.0 I 
I 40.0 1 

120.0 

0.79 
0.79 
0.76 
0.74 

- 0.70 
0.67 

0.65 

31.6 $28: 47 
31.5 $28.38 
30.3 626.36 
29.8 $25.59 
28.1 $22.90 
27.0 $21.11 

33.6 $24.06 

Fig. 1. Sample copy of the STEERISK spreadsheet [coding on 5.25 in (133 mm) diskettes, in metric or English units, available without charge from the 
author]. 

component (Hanson et al. 1988) of the SPUR model (Wight and 
Skiles 1987) were used to generate sample values of forage produc- 
tion over a 50-year period. These were expressed as peak standing 
crop without grazing, on mixed-grass prairie rangeland as found 
on the High Plains of eastern Wyoming. Fifty levels of forage 
production and the probability of range production exceeding 
each level are listed in columns B and A, respectively, of STEER- 
ISK (Fig. 1). 

Table 1. Equations used in the STEERISK spreadsheet (Fig. 1). 

The optimum stocking rate (SR) for each year was calculated, 
using the method outlined by Hart et al. (1988a). Briefly, this 
method establishes a critical SR below which average daily gain 
(ADG) is constant. Below this critical SR, gain/ ha and return to 
land, labor, and management increase linearly as SR increases. 
Therefore, unless prices are such that grazing is unprofitable at all 
SR’s, the most profitable SR will be at or above the critical SR. 

Location Equation 

Cell: 
DlO (E8/365*(K8/ lOO)*(K5*K6)) 
D13 ((K6-K7)*K5+(DI l*E8)+DlO) 
D14 (D13/E8) 

Column beginning with cell: 
c22 - 
D22 
E22 
F22 
H22 
522 

At SR’s above the critical, ADG = a - bH, when H = stocking rate 
in steer days/ ha, a and b are constants for a particular type of range 
and cattle, and b is adjusted for peak standing crop as illustrated by 
Hart et al. (1988a). Values of a and bare entered in cells E6 and E7 
of STEERISK (Fig. 1). ADG at the critical SR is entered in cell ES. 

K22 
L22 
M22,022 
N22 
P22 

Gain per ha or G = aH - bH2 and gross return per ha per year or 
Ro = P(aH - bH2) when P = selling price. The user enters selling 
price in cell K7. Carrying cost per animal per day = C and includes 
the margin between purchase price and selling price, interest, sup- 
plemental feed, and veterinary costs, death loss, etc. STEERISK 
calculates C from days on pasture, initial weight, purchase price, 
interest rate, and miscellaneous costs (entered in cells E8, KS, K6, 
K8, and Dl 1, respectively) and displays it in D14. It also displays 
interest cost per head (DlO) and total carrying costs per head 
(D13). The equations used, coded for Lotus Symphony Release 
2.01, are shown in Table 1. The program is available on 5.25 in (133 
mm) diskettes from the author. Other spreadsheets may be used, 

422 
R22 

Row 73 

(($~$7*%E&6-$D$l4)/(2*$K&7*($ES7*lOOO/B22))) 
($E%6-@ES7*1000/B22*C22)) 
(C22*D22) 
(EZZ*SK%7-(C22*rSDSl4)) 
%H%20 
@IF(@ISERR(@SQRT(%ESS-($ES6- 
(SE%7*1OOO/B22*H22))),%E$5, 
(SE%6-(SES7*1OOO/B22+H22))) 
(H22*522) 
(K22*SKS7-(H22*SDS14)) 
Dummies containing brackets indicating data entry. 
Data is entered in each cell by the user. 
@IF(@ISERR(@SQRT($ES5-(SES6- 
(SE%7*1OOO/B22*N22))),SES5, 
($E%6-(SE$7*1000/ B22*N22))) 
(N22*P22) 
(Q22*$KS7-(N22*SDSl4)) 
(@B22..B71), (@C22..C71)...(@R22..R71) 

but they might require changes in the “if-then”functions (columns 
beginning with 522 and P22) and mean functions (row 73). 

Net return to land, labor, and management or R = PaH - PbH2 - 
CH = (Pa - C)H - (Pb)HZ. Maximum return per ha occurs when R 

‘Mention of a trademark or proprietary product does not constitute a warranty of the 
product by the U.S. Department of Agriculture and does not imply approval to the 
exclusion of other products that also may be available. 
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no longer increases with an increase in H (stocking rate) or when 
dR/dH q  (Pa - C) - (2Pb)H = 0 which is equivalent to H = (Pa - 
C)/(2Pb). This H is the SR at which return to land, labor, and 
management is maximized. The equations for calculating opti- 
mum SR, and ADG, gain/acre, and return/acre to land, labor, and 
management at optimum SR (columns C thru F of STEERISK), 
are listed in Table 1. 

1986 PRICES 1987 PRICES 
70 

STEER- 
D/HA 

STEERISK allows the user to enter a fixed SR in cell H20, 
calculates ADG, gain/acre, and return/acre at that SR for all 
levels of forage production, and prints the results in columns J thru 
L. The user may also enter different SR’s for each level of forage 
production in column N, and STEERISK will calculate and print 
ADG, gain/acre, and return/acre in columns P thru R. 

Examples and Applications 

An Example 
Optimum SR was calculated for each year using cattle prices 

prevailing in 1986 and 1987 (Hart et al. 1988a). Prices in 1986 
(purchase price %1.59/kg, sale price $1.37/kg) were less than the 
average of recent years, while prices in 1987 (purchase price 
% 1.7 1 /kg, sale price $lS9/kg) were well above average. Carrying 
costs(C) were $0.70 per head per day in 1986 and $0.7 1 in 1987. An 
initial steer weight of 250 kg and a 15Oday grazing season were 
assumed. 

Forage production ranged from 570 to 1,750 kg/ ha of dry matter 
(Fig. 2), with a mean of 1,170 kg/ ha and a standard deviation of the 

cn 40 

2 

e 

k 

* 0 
i 

0 16 0 

% of Years 

16 

Fig. 2. Frequency distribution of levels of forage production generated by 
SPUR, compared to statistically normal distribution. 

mean of 280 kg/ ha. Forage production on the High Plains is near 
average in fewer years and substantially above or below average in 
more years than would be expected in a statistically normal distri- 
bution. SPUR produced a similar distribution of forage produc- 
tion. Optimum SR’s ranged from 24 to 72 steer-days (SD)/ha at 
1986 prices and 31 to 94 SD/ha at 1987 prices; averages were 48 
and 63 SD/ ha, respectively. 

70 

L 

0 
-50 0 30 -30 0 60 

RETURN TO LLM, $/ HA 

The Soil Conservation Service recommends an initial SR of 36 
SD/ha on mixed-grass prairie in good condition in southeast 
Wyoming (SCS 1986). At fixed SR’s of 40,60, and 80 SD/ha, net 
returns to land, labor, and management ranged from $4.97 to 
$22.96, -%12.61 to $27.86, and -$43.57 to $28.37, respectively, at 
1986 prices (Fig. 3). At 1987 prices, comparable fig&es were S 16.53 
to $37.41, $1.50 to $48.47, and -$29.05 to $54.45. As fixed SR’s 
increased, the probabiliy of higher returns in years of high forage 
production also increased, but so did the probability of greater 
losses in years of low forage production. At 80 SD/ha, losses 
occurred in 26% of the years at 1986 prices and 8% of the years at 
1987 prices. 

Fig. 3. Frequency distribution of net returns to land, labor, and mmage- 
ment under fixed stocking rates (SR) of 40, 60, and 80 steer-days/ha, 
flexible optimum SR, and optimum SR f l/3 at 1986 and 1987 cattle 
prices. Dollar figure in each section of the graph indicates mean return 
per ha at that SR and price level. 

at 1986 prices and $18.23 to %55.61/ha at 1987 prices. At 1986 
prices, the average net returns at 40,60,80, and optimum SD/ ha 
were $17.63, $15.86, $7.04, and $19.19/ ha. The pattern was similar 
at 1987 prices, although net returns were higher. Returns at 40,60, 
80,andoptimumSD/hawereS31.22,%34.55,%29.70,and$37.19/ ha. 

When SR was adjusted annually to the optimum for current 
forage production and prices, returns ranged from $9.41 to $28.70 

To take advantage of flexible optimum SR’s in real life, it is 
necessary to estimate SR early in the season. This can be done with 
some accuracy on the High Plains. Forage production is largely 
determined by precipitation in March, April, and May. At 
Cheyenne, annual forage production in kg/ha = 1923 - (865671 
March-May precipitation in mm); r2 = 0.94 (Hart 1987). Cattle 
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customarily go on range pastures in May, so producers usually can 
estimate forage production before the grazing season starts. 

Estimation may be less accurate in other regions, but in our 
example over- or under-estimating the optimum SR by one-third 
reduced net returns in any year by only I 1% at 1986 prices and by 
13% at 1987 prices. These levels of return are nearly the same as 
those at 60 SD/ha, but with the reduced variation noted at opti- 
mum SR. Producers can use STEERISK to estimate the risks from 
over- or under-estimating optimum SR, however small. 

Risks from over- or under-estimating prices when setting opti- 
mum SR’s may be even smaller. If SR is set at optimum for 1986 
prices when actual prices are at 1987 levels or vice versa, average 
returns will be reduced only 1%. Greater discrepancies between 
expected and encountered prices will produce greater reductions, 
but this risk is less than that from improper SR. The greatest risk 
posed by uncertain prices is that of underestimating the margin, 
usually negative, between buying and selling price of cattle. 
Expected selling price may be taken from market predictions or 
calculated by the methods of Blake et al. (1984) or Nance et al. 
(1985). STEERISK allows the producer to evaluate a whole range 
of selling prices, above and below those expected, and to assess the 
consequences of over- or under-estimating selling price. 

The risk posture of the individual cattle producer also must be 
considered. Antle (1987) and Binswanger and Barah (1980) noted 
that actual risk levels may be considerably different from risks 
perceived by producers, and McSweeny et al. (1987) discussed 
ways in which to present risk to producers. A risk-averse producer 
may worry that forage production or selling price has been overes- 
timated, and will therefore choose a stocking rate less than the 
calculated optimum (Bernard0 and Engle 1990). On the other 
hand, a producer in a sound financial position and willing to take 
more risk may choose to stock at higher than the calculated 
optimum. 

Weed and Pest Control 
The producer may also use STEERISK to decide whether pest 

control will be profitable. Hart et al. (1987) used the calculations 
presented in the spreadsheet to demonstrate that reducing SR may 
be a more profitable alternative than grasshopper control, even 
when grasshoppers reduce forage production by 50%. In their 
example, such a reduction in forage production decreased returns 
by $21.84/ha, from $23.97 to only $2.13/ha, if SR was not 
adjusted. If SR was adjusted to the new level of forage production, 
returns were reduced by only %10.97/ha. Unless the grasshopper 
population could be reduced to normal levels by control measures 
costing less than $10.97/ha, reducing SR would be more profitable 
than control. 

Similar calculations could be applied to weed and brush control 
or prescribed burning, but here the benefits usually persist for more 
than 1 year. A biological response function, estimating the mean 
and variability of forage production for each year following treat- 
ment, is required (Ethridge et al. 1984, Tanaka and Workman 
1988). For each succeeding year, calculated levels of forage pro- 
duction are entered in column B for each level of probability, and 
the parameters for the grazing pressure-gain function for the 
appropriate range and livestock type are entered in cells E5, E6, 
and E7. Mean and variability of returns in each year after treat- 
ment can then be compared to those before treatment, to assess the 
benefits of treatment and the point at which treatment can be 
profitably reapplied. Tore11 and McDaniel (1986) used a similar 
approach to determine optimum treatment schedule to control 
honey mesquite, but did not incorporate variability of forage pro- 
duction and returns. Bernard0 et al. (1988) incorporated variabil- 
ity of forage production in their analysis of prescribed burning, but 
used a probability distribution rather than a grazing pressure-gain 

function to calculate steer gains. 

Adapting STEERISK to Other Range and Livestock Types 
Few locations have sufficient historic records of forage produc- 

tion to develop probabilities of different levels of forage produc- 
tion. On the other hand, many locations have sufficient weather 
records to provide a data base from which researchers can calculate 
such probabilities, using SPUR (Wight and Skiles 1987), GRAZE 
(Parsh and Loewer 1987), or other models. The small departure of 
SPUR simulations from a normal distribution of forage produc- 
tion (Fig. 2) indicate mean and variance of production might be 
adequate. 

Researchers may calculate responses of livestock to grazing 
pressure (from which values of a and b, cells E6 and E7, can be 
calculated) from these same models, the simpler SMART (Hart 
1989), or from stocking rate studies. Studies in which forage pro- 
duction as well as gain and SR are reported (Klipple and Costello 
1960, Launchbaugh 1957, Johnson 1953, Seamands 1968, Hart et 
al. 1976, Sims et al. 1976, Willms et al. 1985 and 1986, Hart et al. 
1988b), so that grazing pressure can be calculated easily, are more 
useful than those in which only gain and SR are reported (Sarvis 
1941, Houston and Woodward 1966, Bement 1969). Many similar 
studies can be found in the literature or excavated from researchers’ 
files. 

Once researchers have calculated probabilities of each level of 
forage production and the response of livestock to grazing pressure 
for a particular location and range type, this information can then 
be made available to livestock producers. 

STEERISK may also be used to evaluate marketing strategies. 
For example, a producer might like to delay marketing because an 
increase in selling price is anticipated. However, gains decrease as 
the grazing season advances and may drop below carrying costs if 
marketing is delayed too long; the anticipated price increase might 
not be enough to compensate for these daily losses. STEERISK, 
using different values of a and b for different ending dates of the 
grazing season from SMART (Hart 1989) or other models, can 
calculate returns from different marketing dates. 

Long-Term Damage to the Range 
STEERISK will not estimate the risks associated with long-term 

damage to the range from overstocking. However, stocking rates 
which are likely to reduce sustainability of grazing on mixed-grass 
ranges also are likely to reduce short-term returns (Tore11 et al. 
1989). Conversely, stocking rates which maximize short-term 
returns on these ranges are unlikely to produce permanent damage. 
At Cheyenne, forage production on moderately or heavily stocked 
range (43 and 67 SD/ ha, respectively) did not change relative to 
each other or to that of an adjacent ungrazed range during 7 years 
of grazing (Hart 1991). Profits were maximized at approximately 
the higher stocking rate (Hart et al. 1988a). Similar results were 
reported by Sims et al. (1976), Willms et al. (1985), and Klipple and 
Costello (1960). 
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Economics of broom snakeweed 
Plains 
BRENT D. CARPENTER, DON E. ETHRIDGE, AND RONALD E. SOSEBEE 

control on the Southern 

Abstract 

Revenues associated with controlling broom snakeweed (Xau- 
thocephalum sarothrae) on 6 soils with heavy, moderate, and light 
infestations of snakeweed were estimated. The analysis considered 
economic returns associated with grass yield response and those 
from livestock efiiciency gains. Results indicate that control of 
moderate and heavy infestations is generally economically feasible, 
but treatment of light infestations does not pay. The economic 
benefits from livestock efficiency gains are generally greater than 
the value of increased grass production. 

Key Words: brush control, broom snakeweed, Xanthrocephahm 
sarothrae 

Broom snakeweed [Xunthocephul~msarothrae(Pursh) Shinners] 
is an aggressive invader of rangelands in the western United States 
and northern Mexico. Broom snakeweed reduces productivity and 
causes economic losses by poisoning livestock and severely reduc- 
ing yield of desirable forage. Ranchers on the southern High Plains 
and Canadian-Pecos valley of west Texas and New Mexico are 
faced with the heaviest infestations and the most severe manage- 
ment problems (McDaniel and Sosebee 1987). 

As a perennial evergreen, with adequate winter moisture snake- 
weed has a competitive advantage over associated forage due to 
early season growth and an extensive shallow root system, which 
enables the plant to deplete soil moisture and nutrients before 
native grasses begin seasonal growth. As snakeweed densities 
increase and carrying capacity is reduced, economic losses to 
ranchers intensify. For shortgrass and desert grass regions of the 
Southwest, heavy infestations can suppress forage yields to less 
than 10% of the production on snakeweed-free range (Sosebee 
1985). 

When poisoning occurs, cow herd performance is impaired 
through abortions or death of mature cows. Conception rates 
decrease and calves which are born have considerably lower wean- 
ing weights. Persistent retained placentas and reproductive dis- 
orders often occur independently or in combination with other 
reactions to toxicity (Dollahite and Anthony 1956,1957; Dollahite 
and Allen 1959). 

Improvements in herbicide efficacy and treatment recommenda- 
tions have made it possible to effectively control broom snakeweed 
infestations. Sosebee et al. (1979) significantly reduced snakeweed 
over a 3-year period with .6 kg a.i.1 ha of tebuthiuron. McDaniel 
and Duncan (1987) achieved 100% mortality with fall treatments of 
picloram as low as. 14 kg/ ha and metsulfuron as low as .034 kg/ ha. 
Experimental evidence has also shown that removing snakeweed 
can increase forage production of desirable species by 100 to 800% 
in the first growing season (Gesink et al. 1973, Ueckert 1979, 
McDaniel et al. 1982). Yet it is not completely understood how 
biological and economic factors interact over time to affect the 
economic outcome of a treatment. Only gross estimates of produc- 
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tion levels before and after control have been available (Tore11 et al. 
1987). 

The economic success of a herbicide application depends on the 
magnitude of both the forage and livestock responses and their 
patterns over a period of time. Treatment life, or the duration of 
additional production after treatment, is also a determinant of 
investment profitability. For the cow-calf manager there is an 
element of uncertainty associated with these temporal variables. 

The purpose of this study was to determine the economic feasi- 
bility of investing in herbicidal control of broom snakeweed, based 
on the benefits contributed to a cow-calf operation. Specific objec- 
tives were to quantify the biological responses of grass and cattle 
through time and to determine the economic value of the addi- 
tional production over the estimated treatment life. 

Methods and Procedures 
The procedures used to achieve the study objectives can be 

summarized in 3 general steps. First, the biological response of 
snakeweed and the corresponding forage response was estimated 
by multiple regression techniques to produce a model of herbage 
production over the life of the treatment. A similar approach has 
been used to estimate response functions through time for other 
types of range improvement practices (Ethridge et al. 1984, 1985, 
1987). Second, estimates for cow-calf efficiency gains were deve- 
loped for various levels of snakeweed infestation. This was 
accomplished through a survey of selected professional range spe- 
cialists and is explained in Carpenter et al. (1991). Finally, the total 
economic benefits of snakeweed control were calculated by com- 
bining the value of the additional beef output generated solely from 
an increase in carrying capacity with the value of the additional 
beef output derived from the suppression of poisoning effects. This 
was achieved by developing budgets based on the initial and post- 
treatment quantities of forage production per land unit and beef 
output for a cow-calf production unit. Net present value was used 
as the criteria for determining economic feasibility. 

Data for estimating the snakeweed and grass production 
response functions were adapted from treatments of snakeweed 
infestations using a number of herbicides, treatment rates, and 
dates of application on 6 soil types. Data were aggregated from 
time-series and cross-sectional trials conducted by researchers at 
Texas Tech University over a 9-year period, 1979-1987, in 6 small 
plot experiments on 2 sites in eastern New Mexico and in a single 
on-going experiment on 7 commercially treated sites in west Texas 
and eastern New Mexico (Alliney 1982, Courtney 1984, R.E. Sose- 
bee unpublished data). The number of replications varied from 3 to 
10 for the different experiments. Each observation of the data in 
the statistical analysis was the mean value of the replications. Data 
used to estimate snakeweed response consisted of 117 observations 
of only picloram treatment during the fall months. Data used to 
estimate grass response consisted of 144 observations from treat- 
ments at various times of the year. 

In addition to herbage yield data, precipitation values from the 
nearest weather station (U.S. Dept. of Commerce 1979-1987) were 
used as a proxy for rainfall at the treated site. Rainfall correspond- 
ing with the snakeweed life cycle was divided into two 6-month 
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periods to represent summer rain (April-October) and winter rain 
(September-March). 

Prior to empirical estimation of the analytical model, structural 
relationships were established for grass yield on snakeweed- 
infested rangeland. The explanatory variables identified for grass 
production were precipitation, soil type as an indicator of potential 
productivity of the soil, and the quantity of snakeweed present. 
However, since snakeweed quantity is also affected by precipita- 
tion and soil type, these variables have an indirect effect on grass 
production. The direction of influence is one-way since broom 
snakeweed competes with grass during the summer growing sea- 
son, but grass yield does not appear to suppress the production of 
snakeweed after the first 2-3 years of snakeweed infestation. The 
most appropriate model of these relationships is a twoequation 
model where a set of variables is used to explain snakeweed pro- 
duction, which in turn affects the quantity of grass. 

The above theoretical relationships are expressed as: 

AXSt=ao+alTR+azWR+a3WR*FM+a4SR+asSR*FMta~STita7FMtaat2t~ 
GRt=bo+blXSt+bzSR*STi+b3WR*STi+brSTi+e 

where AXSt = 

GRt = 
xst = 
TR = 
FM = 
SR = 

WR = 
STr = 

additional annual snakeweed production in year 
t (treated production minus untreated pro- 
duction), kg/ ha. 
annual grass production in year t, kg/ ha. 
annual snakeweed production in year t, kg/ ha. 
picloram treatment rate, kg ai/ ha. 
formulation of herbicide; 1 if pellet, 0 if liquid. 
summer rainfall (April-September), cm. 
winter rainfall (October-March), cm. 
soil type, identified as a set if binary indicator 
variables; STt=l if Potter loam soil, STs=l if 
Miles sandy loam, STs=l if Vernon clay loam, 
STd=l if Tina fine sandy loam, STs=l if Arvana 
tine sandy loam, Kimbrough-Lea gravelly loam if 
all are 0. 

t= time after treatment, years. 
e,e = stochastic error terms. 

a,b, = parameters. 

ASXt is a measure of the snakeweed quantity after treatment and 
depends on the initial quantity. It measures the amount of snake- 
weed killed and is negative as long as the treatment has the antici- 
pated effect. The absolute value of AX& becomes smaller as 
snakeweed reinvades the site and approaches the pre-treatment 
quantity. 

The analysis was facilitated by limiting the continuum of pre- 
treatment snakeweed levels to light, moderate, and heavy catego- 
ries. Quantities of snakeweed production with a heavy infestation 
were determined from the untreated plots in the data set. Snake- 
weed quantities for the various soil types were not identical since 
herbage production is a function of soil type or potential produc- 
tivity of the soil. A moderate infestation was then defined as 50% of 
heavy and light infestation as 20% of heavy. Upon estimation of the 
response functions, corresponding quantities for grass production 
were also estimated. These pre-treatment snakeweed and grass 
yields formed the biological basis for determining the annual 
changes in herbage output and ultimately the economic benefit of 
changes over time in carrying capacities and cow-herd perfor- 
mance rates. These categories provide the basis for calculating 
additional net revenue associated with the snakeweed reduction. 

For purposes of this analysis, the 2 variables of primary interest 
in the estimated analytical model were time(t) and the relationship 
of snakeweed (XSi) to grass (GR3. The empirical response func- 
tions were simplified to single variable equations for each of the 
significantly different soil types by specifying soil types, treatment 
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at the recommended rates of liquid picloram (.28 kg/ ha) and 
normal precipitation (SR = 11.4 cm, WR q  33 cm), resulting in 
AXS as a function of t, and GRt as a function of XSt. These 
equations were then used to calculate the annual herbage quanti- 
ties over the life of the treatment, which was terminated in the year 
that AX& became positive. 

Snakeweed production for a given year (XSJ was determined by 
allowing t to vary in the AX& function and calculating the differ- 
ence in AXSt and XSO, where XSO is the pre-treatment level of 
snakeweed for the given soil. GRt was then solved for by specifying 
the predicted values of XSt in the GRt function. Given the pre- 
treatment and annual quantities for snakeweed and grass produc- 
tion, the remaining biological information relevant to the eco- 
nomic analysis was calculation of cow-herd peformance and 
carrying capacity over the treatment life. 

Table 1. Livestock production parameters for a typical cow-calf operation 
on the southern plains. 

Level of snakeweed infestation 
Production description None Light Moderate Heavy 

Cow replacement rate (%) 12 12 12 12 
Bull to cow ratio (%) 5 5 5 5 
Calf crop at birth (%) 85 85 71.7 59. I 
Calf death rate (%) 1 1 1 1 
Cow death rate (%) 1 1 1 4.7 
Steer calf weaning wt. (kg) 204 204 181 162 
Heifer calf weaning wt. (kg) 193 193 171 153 

Cow-herd performance was determined on the basis of a cow 
producing unit (CPU), where a CPU is composed of the total 
animal inputs involved in producing a weaned calf. Snakeweed 
poisoning reduces cow herd output by negatively impacting the 
calf crop, weaning weights, and the number of cows (Carpenter et 
al. 1991). The magnitude of the poisoning impact on cow-herd 
performance depends on the quantity of snakeweed present. Esti- 
mates for beef production losses were obtained in the survey for 
each category of infestation (Table 1). The toxicity effects asso- 
ciated with various post-treatment quantities of snakeweed were 
determined by extrapolating between the estimated production 
parameters with light, moderate, and heavy infestations. The 
extrapolated relationships for abortions and reduction in weaning 
weight increased at a decreasing rate, while the cow death rate and 
the reduction of conception rates increased linearly. Given the 
quantity of snakeweed in any year after treatment, the expected 
performance of the cow herd was then obtained for each soil type. 
The estimated production under snakeweed conditions was com- 
pared with production for a typical snakeweed free cow-calf opera- 
tion in the Southern Plains region to arrive at estimates for addi- 
tional beef production per CPU for each year of the treatment life. 

Grass production in each year was converted to carrying capac- 
ity based on the requirement that approximately 9,072 total kg of 
grass is necessary to support a CPU for 12 months (Sosebee et al. 
1981). One-half of the total grass production is available for con- 
sumption and disappearance and one-half is left for plant growth 
and reproduction. Therefore, carrying capacity in CPUs per ha = 

Table 2. Beef cattle pdca. 

Cattle class Low 

Steers 66.80 
Heifers 56.04 
Cull cows 37.60 

Price @/cwt.) 
Mean 

77.76 
66.34 
41.98 

High 

88.72 
75.64 
46.40 



Table 3. Pm-treatment qoantitiee of snakeweed (XS) and predicted grew 
(CR) prodoction, by coil type. 

Soil type 

Level of 
infestation 

Arvatla Vernon Tina Miles 
XS GR XS GR XS GR XS GR 

None 
Light 
Moderate 
Heavy 

-----------Her~gePr~uction(kg/ha)------------ 

0 1252 0 1390 0 1499 0 2211 
358 1139 381 1269 403 1371 672 1998 
896 969 952 1089 1008 1179 1680 1680 

1792 687 1904 788 2016 861 3360 1149 

The empirical response models for additional snakeweed (AX&) 
and grass (GRd production are shown below. Numbers in paren- 
theses under each coefficient are the significance levels for the 
estimated regression parameters. 

(GRt/9,072) where GRt is the annual grass yield. 
In the economic analysis, the value of the additional beef pro- 

duction from the 2 treatment effects is the sum of the discounted 
annual net revenues after treatment, relative to the net revenue 
received with no investment in control. Economic returns for the (I) 
impact of reduced poisoning were calculated separately from the 
effects of an increase in the potential stocking rate. Total revenues 
were based on the averages of the most recent 10 years of Amarillo 
Auction Sales prices for steers, heifers, and cull cows. Price risk 
was modeled by considering a low price as 1 standard deviation 
below the mean and a high price level as 1 standard deviation above 
the mean. The prices used in the analysis are shown in Table 2. 
Total revenue per CPU was found by factoring in each of the 
estimated production parameters to determine the fractional (2) 
number of head and sale weights produced by a CPU and multiply- 
ing by the respective cattle price. 

rate were applied to the CPUs purchased to take advantage of 
additional forage. Additional expenses include feed, interest, 
labor, marketing, and miscellaneous calf costs. 

The sum of the annual net revenues from the 2 treatment effects 
on beef production were discounted using rates 3, 7, and 11% to 
model the effects of interest rate variability on the net present value 
of the investment. The treatment was considered economically 
feasible if the sum of the discounted annual benefits was at least 
equal to the initial investment of $22.241 ha, the average cost of an 
aerial application of liquid picloram at the herbicide label speciti- 
cation rate of .28 kg/ ha. 

Results 

. 

Net revenues for each combination of annual herbage yield were 
calculated by subtracting the production costs from total revenue. 
Costs were adapted from Texas Agricultural Extension Service 
(1988) budgets. No land or management costs were specified. 

AX&=- 1376.01 - 390.36 TR + 56.96 WR - 74.85 WR*FM 
(.OOOl) (.0856) (.0004) (.OOOl) 

+ 17.49 SR*FM - 3248.37 STs - 2263.99 STs 
(.OOll) (.OOOl) (JJOOl) 
- 1410.43 ST4 882.62 STs + 65.31 t* - 

(.OOOl) (.0423) (.0416) 

Adjusted R2= .74 
F= 20.70 

GRt= 847.60 - .316 XSt + 41.30 SR*STs + 16.42 SR*STs 
(.OOOl) (.0856) (0004) (.OOOl) 

+ 19.72 SR’ST4 + 12.26 SR’STs 
(.OOOl) (.0733) 

AdjustedRr = .69 
F t64.42 

Additional variable costs associated with increasing the stocking The effect of winter rainfall on grass production was not statisti- 

Table 4. Annual production parameters on Arvana eoil after liqoid picloram treatment. 

Post 
Tmt. 
year 

Herbage yield 

XaSa GnlsS 
kg/ha kg/ ha 

Toxicity’ magnitude 
Abort Concep Wean 
rate rate 
% % chg %zg 

Calf 
crop 

% 

Cow herd performance Carrying capacity 

Heifer Steer cow Ha CPU 
wn wt wn wt death per per 

kg kg % CPU ha 

-----------------~-~~-----------~~~~~~~~~~~~~~~~~~~~~~~~~~~g~~~~~~~~~~~~~_____~_~~~~~~~~-------------~~~~~~~~~~~~~~~~~~~~~~ 
* 358 1139 0 0 0 85 193 1 8.0 0.1250 
1 0 1252 0 0 0 85 193 1 7.2 0.1389 

: 0 0 1252 1252 0 0 0 0 0 0 85 85 193 193 204 1 1 7.2 7.2 0.1389 0.1389 
4 27; 1252 0 0 0 :: 193 :z 1 7.2 0.1389 
5 1166 0 0 0 193 204 1 7.8 0.1282 

-------------------~~-~~~---____~~~~~~~~~~~~~~~~~___~____Mode~teInfes~tion____~~~--------------~~~~~~~~-~~~~~~~~~~~~_________ 
l 896 969 9.7 3.6 11.1 72 171 181 1 9.3 0.1075 
1 0 1252 0 0 0 85 193 204 1 7.2 0.1389 
2 0 1252 0 0 0 85 193 204 1 7.2 0.1389 
3 0 1252 0 0 0 85 193 204 1 7.2 0.1389 
4 224 1180 0 
5 811 977 9 9 9.: 

85 193 204 1 7.7 0.1299 
73 175 185 1 9.1 0.1099 

---------------------------~-~~~~~~~~~~~_~~______________~~~~y~~f~~~~~~~~__~~~~~~~--------------------------~~--~~~~~~~~~~~~ 
* 1792 687 16.6 9.3 20.6 59 153 162 4.7 13.2 0.0758 
1 140 1207 0 0 0 85 193 204 1 7.5 0.1333 
2 336 1146 0 0 0 85 193 204 1 7.9 0.1266 
3 662 1043 6.5 2 7 77 179 190 1 8.7 0.1449 
4 1120 898 12 

8.: 
68 166 176 2 10.1 0.0990 

5 1707 713 16 61 154 163 4 12.7 0.0319 

l Lknotes time period prior to treatment. 
Qf broom snakeweed. 
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Table 5. Annual costs and returns of iiquid picionm treatment on Arvanr soil, moderate beef prica and 7% discount rate. 

Results of toxicity reduction on existing CPUs Results of forage increase with additional CPUs Combined results 

Year 

Added Added Added Added Added PV 
Total Net Net Net Added Added Variable Net Net Added 

Revenue costs Return Return Return CPU Return costs Return Return NR 
--- ____ - _____ NrCPU _____________ ________________________-- uerha------------_____________ 

------------------__~~~~~~~~~~~~~~~~~~~~~~~~~~~~~---~~--- Light Infestation - ____________________--____________________ ._______ _ 
* 277.73 251.98 25.75 0.00 0.00 0.0000 0.00 0.00 0.00 0.00 0.00 
1 271.73 251.98 25.75 0.00 0.00 0.0123 3.43 2.55 0.88 0.88 0.82 
2 277.73 251.98 25.75 0.00 0.00 0.0123 3.43 2.55 0.88 0.88 0.77 
3 277.73 251.98 25.75 0.00 0.00 0.0123 3.43 2.55 0.88 0.88 0.72 
4 271.73 251.98 25.75 0.00 0.00 0.0123 3.43 2.55 0.88 0.88 0.67 
5 277.13 251.98 25.75 0.00 0.00 0.0030 0.82 0.61 0.21 0.21 0.15 
Sum 0.00 3.72 3.72 3.12 

.____________________--__-~Mode~teInfes~tion------------------------------~~~~~~~~~~_~________~ --___-_-------___~~~~~~~~~~~~~~ 
* 214.67 251.33 -36.66 0.00 0.00 0.0000 0.00 0.00 0.00 0.00 0.00 
1 277.73 251.98 25.75 62.41 6.67 0.0311 8.64 6.43 2.21 8.88 8.31 
2 217.13 251.98 25.75 62.41 6.67 0.0311 8.64 6.43 2.21 8.88 7.76 
3 277.73 251.98 25.75 62.41 6.67 0.0311 8.64 6.43 2.21 8.88 7.25 
4 277.73 251.98 25.75 62.41 6.61 0.0232 6.45 4.80 1.65 8.32 6.35 
5 221.42 251.38 -29.96 6.70 0.72 0.0030 0.66 0.61 0.05 0.76 0.54 

Sum 27.42 8.32 35.74 30.20 

---------------~~~~~~~~~_________________________________H~~~y~nf~~~~~ion~~~~~~~~~~~~~---~~~~--~~~~~_________________________ 

* 149.53 250.68 -101.15 0.00 0.00 0.0000 0.00 0.00 0.00 0.00 0.00 
1 277.73 251.98 25.75 126.90 9.62 0.0573 15.92 ii.85 4.07 13.69 12.80 
2 277.73 251.98 25.75 126.90 9.62 0.0506 14.06 10.47 3.59 13.22 ii.54 
3 236.55 251.58 -15.03 86.12 6.53 0.0393 9.29 8.10 1.19 7.72 6.30 
4 194.92 251.13 -56.2 1 44.94 3.41 0.0232 0.00 0.00 0.00 3.41 
5 156.90 250.78 -93.88 7.27 0.55 0.0030 0.00 0.00 0.00 0.55 

Sum 29.73 8.45 38.59 

*Denotes time period prior to treatment. 

tally significant on any of the soils. As equation 2 shows, there was 
no statistically significant direct effect of summer rainfall on grass 
production with the Potter and Kimbrough-Lea soils, but an addi- 
tional centimeter of summer rainfall on the other 4 soils increased 
grass production by 12.26 to 41.30 kg/ ha. Summer rainfall also 
affected grass production indirectly through its effect on snake- 
weed (equation 1). Although pelleted (10% ai) picloram is no 
longer available, the model shows that the snakeweed population is 
reduced more by pellets than with liquid formulation, provided 
adequate precipitation is received after application. 

the heavy infestation, the summation of the annual net revenues is 
expected to result in a value of $33.63/ha (last column), thus 
exceeding treatment costs by $11.39/ha. Similar tables were deve- 
loped for the 3 levels of infestation on each soil and under different 
beef price levels and discount rates. The results of the modeled 
treatments are shown in Table 6 and support several economic 
implications. 

The model predicts that the rate of reinvasion is the same for all 
soil types. Since treatment life is terminated when AXSt becomes 0 
and AX& is a function of pre-treatment snakeweed quantity, the 
length of treatment life will increase with the productivity of the 
soil. The regression parameter of -.316 indicates that 1 kg of grass 
is replaced by 3 kgs of snakeweed on all soil types in the data set. 

The results of using the single variable GR equations to establish 
pre-treatment levels of forage are shown in Table 3. The grass and 
snakeweed yields by level of snakeweed infestation in Table 3 have 
the effects of rainfall and treatment rate variations removed. The 
difference in grass yield between infestation levels is .316 * the 
snakeweed yield for the higher infestation level. The Kimbrough- 
Lea and Potter soils were omitted from the economic analysis 
because in the data set used an abnormally low snakeweed kill rate 
occurred on those soils without apparent reason, and the response 
for those soils was judged to be unreliable. Table 4 shows the 
predicted herbage yields through time for the Arvana soil. Also 
shown are toxicity parameters, and the resultant cow herd perfor- 
mance values associated with the snakeweed quantity in a given 
year. 

With $22.241 ha treatment costs, it does not pay to treat a light 
infestation on any of the soil types, even with high beef prices and 
low discount rates. However, even with low beef prices and a high 
discount rate, treatments on the 4 soils are generally economically 
feasible if at least a moderate infestation is present before control. 
Returns are reduced for all treatments by an increase in the dis- 
count rate and/ or decrease in beef prices, but the impacts change 
economic feasibility only with a moderate infestation on the 
Arvana soil, the poorest soil of the 4. Economic returns are greater 
on the more productive soils. 

The results also indicate that the economic benefits from reduc- 
ing the extent of poisoning and improving CPU output exceed the 
benefits obtained from increasing forage yields with commensu- 
rate increases in stocking rate (Table 7). Reducing toxicity 
accounts for approximately 77% of the benefits averaged across all 
soils with a moderate or heavy infestation. Of the 8 treatments 
which were economically feasible with moderate beef prices and a 
7% discount rate, all of them pay solely because of reduced poison- 
ing, while only 1 of the treatment situations in the analysis (Miles 
soil, heavy infestation) is economically feasible on the basis of the 
forage response alone. 

Table 5 shows costs and returns based on the biological informa- 
tion supplied in Table 4. In this example, treatment of the moder- 
ate and heavy infestation levels was determined to be economically 
feasible with moderate beef prices and a discount rate of 7%. For 

The economic impact of poisoning is also apparent in years 4 
and 5 of the example in Table 5. As snakeweed reinvades the site, 
economic losses from poisoning cancel any benefits that would be 
received from increasing the stocking rate. Although additional 
forage is available, it costs more to carry the additional CPUs than 
the value of their output. The enterprise is not making positive 
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Table 6. Effects of beef price kvels and discount rate on economic returns. 

Low prices Average prices High prices 
Infest. --~~-~--~~~~~~________~~___________~~~~~~DiscountRate--------------------------~~~~~~~~~~~~~~~ 
Level 3 7 11 3 7 11 3 7 11 

--------------------------~~~~~~~~~~~~~-----~~~~~~~~~~~~~ArvanaSoil________~----------------------~~~~~~~~~~~~~~_~~~~~ 
Light 1.57 1.42 1.29 3.44 3.12 2.84 5.32 4.82 4.40 
Moderate 25.17 22.90 20.95 33.19 30.20 27.65 41.25 37.55 34.37 
Heavy 27.28 25.23 23.44 36.32 33.63 31.28 45.46 42.12 39.20 

~~~~-~~-----~-~~~~~~~____________________________________VernonSoil___~~~~~~~~~~---~--------~~~~-~~~~~~~~~~~______~~__ 
Light 1.97 1.77 1.59 4.34 3.88 3.50 6.70 6.00 5.41 
Moderate 35.31 31.60 28.49 44.69 39.99 36.05 54.06 48.38 43.62 
Heavy 55.31 49.65 44.87 72.30 64.91 58.68 89.28 80.17 72.49 

___________-____________________________________________-TinaSoil__________~~-~~~~~~~~~~~~~~~~-~~~_~__~_____________ 
Light 2.08 1.86 1.68 4.58 4.10 3.69 7.07 6.33 5.71 
Moderate 65.80 59.18 53.63 86.04 77.40 70.16 106.28 95.62 86.69 
Heavy 62.50 58.78 55.53 73.48 68.88 64.86 91.51 85.81 80.81 

________~~__~~_________________________________________~~MilesSoil~~~~~~----------------------------~-~~~~~~~~~~~~~~~~ 
Light 3.47 3.11 2.80 7.63 6.83 6.16 11.79 10.55 9.51 
Moderate 53.76 48.11 43.37 72.00 64.44 58.09 90.24 80.76 72.80 
Heavy 76.28 68.55 62.03 105.62 94.92 85.91 134.98 121.32 109.81 

Table 7. Effects of snakeweed poisoning reduction and increased forage 
production with average beef prices and 7% discount rate (S/ha). 

% due to 
Infestation Trmt. Poisoning Increased Total poisoning 
level life reduction forage effects reduction 
_______~_~~~~~_~__________A~a~Soil~~~_~~~_~_~~~~____~_______ 
Light 5 0.00 3.12 3.12 0 
Moderate 5 23.12 7.09 30.20 77 
Heavy 5 25.72 7.91 33.63 76 

~~~~~-~-----~~-~~~~~~~~~~_Ve~onSoil~--~-----------------~-~-~ 
Light 6 0.00 3.88 3.88 0 
Moderate 6 33.81 6.18 39.99 85 
Heavy 6 50.46 14.46 64.91 77 

~~~~~~~---~~~~~~~~~_______TinaSoil~~_______________~~~~~~~~~ 
Light 5 0.00 4.10 4.10 0 
Moderate 5 60.43 16.97 77.40 78 
Heavy 5 54.19 14.69 68.88 79 

__~~~~~~~~~~~~~~__________MilesSoil_~_____________________~~~ 
Light 7 0.00 6.83 6.83 0 
Moderate 7 47.70 17.03 64.44 74 
Heavy 7 64.21 30.71 94.92 68 

returns in years 3-5, but the treatment is still generating economic 
benefits because the dollar losses in these years are less than they 
were prior to treatment. 

Conclusions 

Based on the results of this study, the use of picloram is an 
economically sound option for controlling moderate to heavy 
infestations of broom snakeweed in the southern plains. Treatment 
of light infestations under normal environmental or economic 
conditions is not advisable. This general conclusion holds for all 
levels of cattle prices and discount rates analyzed in this study. This 
analysis also shows that benefits from controlling snakeweed 
accrue from both additional grass production and increased live- 
stock production efficiency, but the livestock efficiency gains add 
more to revenues than does the added grass production when 
snakeweed is controlled. 

There is a degree of uncertainty associated with any control since 
the response occurs in the future. Many variables which influence 
profitability, e.g., precipitation, cattle prices, discount rates, pro- 
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duction costs and the productive capacity of the site, cannot be 
controlled by the rancher or may be managed to only a limited 
degree. Additionally, the economic benefits are only those which 
accrue through the market place. Individual investment decisions 
may be influenced by financial considerations which effectively 
lower the cost to an individual. For example, cost-share programs 
may make it economically feasible for individual producers to treat 
areas that would otherwise be unprofitable. Also, the estimated 
benefits in this study are pre-tax values, which may have ramifica- 
tions for some individuals. For individual rancher investment deci- 
sions, the proper use of this study is the adaptation of the proce- 
dures and implications. 
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The effect of hormone, dehulling and seedbed treatments on 
germination and adventititious root formation in blue grama 
RAKHSHAN ROOHI AND DONALD A. JAMESON 

Abstract 

Under usual range conditions, the time between blue grrma 
(Bouteloua grudis) germination and adventitious roots develop- 
ment is such that it is rare that both of these events occur with moist 
soil conditions, and seedling survival is infrequent. Establishment 
could be enhanced if the time between germination and adventi- 
tious root development were reduced. Dehulling followed by pre- 
treatment of seeds with selected hormones such as indoleacetic acid 
reduced the time between these 2 events, and may increase the 
probability of successful seeding. These treatments also increased 
the length and number of adventitious roots during early stages of 
development. Water injection into the planting rows at seeding 
time added to the beneficial effects of seed treatment, while chemi- 
cal mulching detracted from these responses. 

Key Words: auxin, seedling survival, water injection, chemical 
mulch 

When a grass seed germinates, it first develops a primary root. 
During early development of the seedling, adventitious roots then 
develop. In blue grama (Bouteloua gracilis), there is a subcoleop- 
tile between the point of emergence of the primary root from the 
caryopsis and the origin of the coleoptile (Hyder 1974). The adven- 
titious roots do not begin at the seed depth, but at a higher, and 
thus drier, point in the soil profile. 

Blue grama is commonly known to be difficult to establish by 
seeding. One source of difficulty relates to the light-controlled 
initiation of roots at the soil surface; literature relating to to these 
difficulties has been reviewed earlier (Roohi et al. 1991). Another 
source of difficulty relates to the time required between germina- 
tion and. adventitious root development: adventitious roots will 

Authors arc senior scientific oft&r? National Agricultural Research Center, Isla- 
mabad, Pakistan; and rofessor emeritus,, Department of Range Science, Colorado 
State University, Fort 

8. 
olhns. Fmanclal support provided by FAO and the Colorado 

State University AgriculturaI Experiment Station. 
The authors wish to acknowledge the following: Dr. Harrison Hughes, Department 

of Horticulture,,Colorado State University, graciously helped with the design of the 
laboratory studies reported here, and prowled the laboratory facilities. Dr. Marvin 
Shoop, USDA Agricultural Research Service, provided the tield facilities at the 
Central Plains Experimental Range. Dr. Robert &men& consultant, provided inval- 
uable advice on the design of the field studies. 

Manuscript accepted 7 July 1990. 

not develop before the 3-leaf stage of development. Under usual 
range conditions, the time between germination and adventitious 
root development is such that it is rare that both of these events will 
occur with moist soil conditions, and seedling survival is infrequent 
(Coffin and Lauenroth 1990). 

The study reported here used various hormone treatments to 
hasten germination and adventitious root development. No earlier 
reports of hormone treatment on blue grama or related grass 
species have been found, but promotion of root development with 
a variety of plant species has shown promising results with indole- 
acetic acid (IAA), 3-indole-butyric acid (IBA), 1-napthyl-acetic 
acid (NAA), and gibberellic acid (GAS). The literature on hormone 
effects on plant growth is extensive, and only selected examples 
relating to monocotyledons will be cited here. Callus induction and 
organogenesis have been reported from hormone treatment of 
wheat, rye, and sorghum (Mascarenhas et al. 1975a, Mascarenhas 
et al. 1975b, Nakano et al. 1975). Generally, organ differentiation 
in cereals is initiated with weaker auxins such as IAA or NAA 
(Masteller and Holden 1970). 

This study also tested seed priming as a means of enhancement 
of the growth stimulus from hormone treatments. Seed priming 
refers to the process of bringing seeds to a relatively high moisture 
content prior to planting (Heydecker et al. 1975). During this 
process, the seeds are soaked in an osmotic solution. The osmotic 
agent is normally of a high molecular weight so that it cannot pass 
through the cell membrane. During priming, the seeds complete 
phases I (hydration) and II (lag phase) of germination, and require 
only a favorable gradient for water uptake in order to begin radical 
growth (Bradford et al. 1988). Primed seeds typically germinate 
under a wider range of conditions than do unprimed seeds 
(Hegarty 1978). 

Other tests in this study included water injection and chemical 
mulching as additional treatments to promote rapid emergence. In 
water injection, a small amount of water is applied to the soil at 
time of sowing to create a small volume of plastic soil near the seed 
(Hauser 1986). Bement et al. (1961) successfully used chemical 
mulch in blue grama seedings. 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 237 



Materials and Methods 

Agar Culture Studies 
Initial studies on adventitious root development were conducted 

in agar culture. Agar was prepared for test tubes using 6.5 gm agar 
per liter of half strength MS nutrient solution (Murashige and 
Skoog 1962). The pH was adjusted to 5.7. Seeds of the Hachita 
variety (provided by the Soil Conservation Service Plant Materials 
Center, Las Lunas, N.M.) were dehulled with a Woodward Labor- 
atory Air-Seed apparatus (Dewald and Beisel 1984). Both whole 
seeds and dehulled caryopses were used in these trials, but only 
dehulled caryopses could be adequately sterilized for agar culture 
studies. Adequate sterilization was provided by immersing the 
caryopses for 30 seconds in 70% ethanol, followed by 20% bleach 
for 3 minutes. Twenty replicated tubes with 3 seeds each were 
placed in continuous light (21 watts/mz) and maintained at 25’ C. 

Hormones used included IAA, IBA, and NAA at 0.01, 0.1,0.25, 
0.5, and 1.0 ppm; GA3 at 0.25 and 0.5 ppm; and combinations of 
IAA and GAs. All hormones were taken up in a small amount of 
ethanol, then diluted to the desired concentration with water or 
MS nutrient solution. 

Seed Pretreatment with Hormones 
For planting in soil, any introduction of auxins must occur 

before the seeds are planted. If seeds are soaked only in an auxin 
solution, imbibition of water will be so rapid that insufficient auxin 
will be taken up before germination begins. To slow the rate of 
imbibition, an osmoticum can be added; for these studies polyethy- 
lene glycol (PEG), average molecular weight 6,000-8,000, was 
used. Solutions for -0.25 MPa at 25” C (Michel and Kaufman 
1973) were prepared and mixed with IAA to 1.0 ppm. Slight 
changes from -0.25 MPa were investigated, but seemed to have no 
significant differences from this mixture as long as at least the 
approximate concentration of PEG was used. Caryopses were 
soaked for about 4 hours until initial signs of germination were 
observed on a few caryopses; all caryopses were then removed from 
the solution. 

Greenhouse Studies 
For the greenhouse studies, 4 treatments were used: 
(1) hormone and PEG-treated caryopses, sown dry 
(2) hormone and PEG-treated caryopses, sown wet 
(3) caryopses soaked in water, then sown dry 
(4) whole seeds soaked in water, then sown dry 
The experimental design was a randomized complete block with 

10 replications. Preliminary trials indicated the preferred hormone 
treatment to be 1.0 ppm IAA in a solution of PEG at -0.25 MPa. 
For treatment (l), caryopses were soaked in solution for about 4 
hours, then air dried at room temperature. For treatment (2), 
caryopses were soaked as for (l), then sown wet. For treatments (3) 
and (4), caryopses and whole seeds, respectively, were soaked in 
water only, then dried before sowing. The greenhouse pots were 11 
X 11 X 11 cm, and contained 500 gm fine sandy loam soil. Each pot 
was subirrigated with 200 gm water. Each pot was sown with 20 
seeds or caryopses, and the seeds were covered with 1 cm fine sand. 
Each pot was covered with a transparent plastic film to hasten 
germination; the film was removed at the 2-leaf stage. After 20 
days, plants were removed from the pots and the soil washed from 
the root system. Measurements at this time included (1) shoot 
length, (2) internode length, (3) primary root length, (4) total 
adventitious root length, and (5) number of adventitious roots per 
plant. 

Field Plot Design 
The plot layout for the field study was a split-plot design with 10 

main blocks. Main effects were: 
(1) untreated whole seed, no water injection 

(2) untreated whole seed, water injection 
(3) untreated caryopses, no water injection 
(4) untreated caryopses, water injection 
(5) hormone-treated caryopses, no water injection 
(6) hormone-treated caryopses, water injection 
Caryopsis treatment was applied as described above for the 

greenhouse studies. Seeds and caryopses were applied by hand into 
l-cm furrows, then covered with soil. For water injection, lOO-ml 
water per meter of row was injected with a pressure sprayer. 

Each 3-m row was split, with 1 m of the row randomly selected as 
a subplot to test the effect of a chemical mulch. Coherex (a petro- 
leum hydrocarbon in water emulsion) was applied at a ratio of 1:6 
in water. The application rate was about 0.23 1 applied to a IO-cm 
band along the l-m row. Measurements in the field study included 
(1) number of days to emergence, (2) number of tillers per plant, (3) 
shoot length, (4) number of adventitious roots, (5) adventitious 
roots length, and (6) shoot dry weight. For each treatment within 
each block, 5 established plants were examined in detail on 19 
September. 

Results 

Culture Trials 
All concentrations of NAA inhibited both primary and adventi- 

tious root growth. At lower concentrations IBA promoted primary 
roots but inhibited adventitious roots. IAA promoted adventitious 
root growth, but inhibited primary root growth. GA3 used alone 
inhibited adventitious root growth, but promoted primary root 
growth. Mixtures of 0.5 ppm GA3 with 1.0 ppm IAA gave the best 
response in terms of both adventitious and primary root growth. 
However, the interesting aspect of these trials, from the point of 
view of potential field use, was the stimulation of adventitious 
roots by 1 .O ppm IAA, and this treatment was used in subsequent 
studies. 

Y//A 

h\\V 

Whole seed 

Untreated caryopses 

IAA treated caryopses. sown dry 

IAA treated caryopses, sown wet 

Fig. 1. Adventitious root length of blue grnma seedlings grown in the 
greenhouse after dehulling and IAA pretreatment. Values with different 
letters differ significantly at p q  0.01 according to Duncan’s multiple 
range test. 
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5?5?5l Untreated catyopses 

IT/z1 IAA treated caryopses, sown dry 

m IAA treated caryopses, sown wet 

Fig. 2. Subcoleoptile length of blue grama seedlings grown in the green- 
house after dehulling and IAA pretreatment. Values with different letters 
differ significantly atp = 0.01 according to Duncan’s multiple range test. 

Greenhouse Studies 
Shoot length, primary root length and number of adventitious 

roots per plant were not different among the treatments tested. 
However, adventitious root length (Fig. 1) and internode length 
(Fig. 2) did vary by treatment. 

For adventitious roots, each additional step in treatment inten- 
sity had an additional effect on root length. Dehulling plus hor- 
mone treatment resulted in increased adventitious root length. 
Drying the caryopses after hormone treatment slightly increased 
the measured root length. The internode length was shortest with 
the dehulling treatment. 

Field Studies 
Statistical examination of all measurements indicated that 

mulch X main effect interactions were negligible, thus the results 
for main effects are presented separately from mulch effects. For 
those variables that showed statistically different responses to 
main effects, the responses were separated into water injection 
effect and seed treatment effects. 

Dehulling and hormone treatments had beneficial effects in 
terms of reducing the number of days to shoot emergence (Fig. 3), 
increasing the number of tillers per plant (Fig. 4), increasing the 
number of adventitious roots at harvest (Fig. 5) and increasing 
adventitious root length (Fig. 6). The hormone treatment appeared 
to be additive to the dehulling treatment for these responses. Water 
injection reduced the number of days to emergence, and increased 
the number of adventitious roots and number of tillers per plant at 
harvest time. These treatments did not influence the shoot length 
nor the shoot dry weight. 

The chemical mulch treatments resulted in significantly poorer 
performance than the unmulched treatments for days to emer- 
gence, number of tillers, shoot weight, and number of roots (Table 
1). 

The treatment differences indicated above were primarily apparent 
during early stages of development triggered by rainfall events of 
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Water Without 

Water 

m Whole seed 
IXB Untreated caryopses 
123 IAA treated caryopses 

Fig. 3. Number of days to shoot emergence in the f=ld of blue grama 
seedlings after dehulling and IAA pretreatment (differences significant at 
@<.Ol), with and without water injection (p<.OS). 
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8 

6 

4 

2 

0 
Water Without 

Water 

m Whole seed 
LZ¶ Untreated caryopses 
EZI IAA treated catyopses 

Fig. 4. Number of tillers per plant of blue grama seedlings in the field after 
dehulling and IAA pretreatment (differences significant atp<.Ol), with 
and without water injection @<.OS). 

0.75, 0.6, 0.05, 2.15, and 0.13 cm between the sowing date of 15 
June 1989, and mid-July. Five days after the first rainfall event on 
25 June (0.75 cm), coleoptiles from IAA pretreated caryopses 
emerged. Coleoptiles from untreated caryopses emerged after the 
second rainfall event on 4 July (0.6 cm), and coleoptiles from whole 
seed did not emerge until after the 2.15-cm rainfall on 8 July. No 
further precipitation occurred until a 0.13-cm event in early 



16 

8 

Water Without 
Water 

_ Whole seed 
fi5J Untreated catyopses 
rZa IAA treated caryopses 

Fig. 5. Number of adventitious roots per plant of blue grama seedlings in 
the first 5 cm of soil after dehullng and IAA pretreatment (differences 
significant at p<.Ul), with and without water i@ection w.05). 

lo- 

8- 

6- 

Water Without 
Water 

m Whole seed 
E!! Untreated catyopses 
iza IAA treated caryopses 

Fig. 6. Length of adventitious roots of blw grama seedlings in the field 
after dehu&ng and IAA pretreatment (differences signilicant at p<.OS), 
with and without water injection. 

August. By late autumn the differences between treatments had 
diminished. 

Discussion and Conclusions 

The time interval between planting and development of the 
34eaf stage in blue grama seedlings is typically a few weeks; under 
usual range conditions, this also means that adventitious roots are 
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Table 1. Response of blue grama seedlings to chemical mulch treatments 
under field conditions. 

Measured response 

Time to first emergence (days) ** 
Number of tillers l * 
Number of adventitious roots ** 
Shoot weight (pm) * 

**Indicates significant difference,p<.OI 
l Indicates significant difference, p<.OS 

Chemical 
mulch Unmulched 

17.1 15.6 
9.2 10.0 

16.1 17.5 
.54 .66 

initiated mostly in dry soil, and seedling mortality results. The 
dehulling and hormone treatments investigated in this study 
resulted in decreased time to germination, increased adventitious 
root length, and increased number of tillers per plant. Both hor- 
mone (IAA) treatment and dehulling improved seedling perfor- 
mance, and the effect of the hormones appeared to be additive to 
the effect of dehulling. Hormone treatment without dehulling was 
not tested because of the difficulty of applying hormone treatments 
to large quantities of whole seeds. Although these treatments have 
not yet been investigated under a variety of marginal field condi- 
tions, it can be expected that these plant responses should result in 
improved probabilities of establishment for blue grama seedlings. 

In the greenhouse studies, where planting depth could be more 
carefully controlled than in field experiments, the subcoleoptile 
length from dehulled caryopses was reduced from the I-cm control 
values to about 0.7-0.8 cm. Because earlier results (Roohi et al. 
1991) showed the dominant effect of light on subcoleoptile devel- 
opment, this result was unexpected, and we were unable to come 
up with a consistent explanation based on physiological behavior. 
Apparently the growing root system was able to elevate the naked 
caryopses slightly (2-3 mm) into the covering sand layer, but the 
whole seeds were held in place at the original l-cm sowing depth. 

Mulch treatments resulted in decreased performance as indi- 
cated by all of the variables observed. This is in contrast to results 
presented by Bement et al. (1961). We do not have a suggested 
reason for these differences. 

Literature Cited 

Bement, R.E., D.F. Hervey, A.C. Everson,and L.O. Hylton, Jr. 1961. Use 
of asphalt-emulsion mulches to hasten grass seedling establishment. J. 
Range Manage. 14:102-109. 

Bradford, K.J., C.A. Argerich, P. Dahad, 0. Somasco, A. Tarqui, and 
GE. Welbaum. 19NLSeed enhancement and seedvigor. In:Proc. Inter- 
nat. Conference on Stand Establishment for Horticultural Crops. Lan- 
caster, Pa., April 27-29, 1988. 

Coffin, D.P., and W.K. Lnuenroth. 1990. A gap dynamics simulation 
model of succession in a semiarid grassland. Ecol. Modelling 49:229-266. 

Dewald, C.L., and A. Beisel. 1984. Woodward laboratory air-seed shucker 
for rapid quality determination of chaffy seeds. p. 26 In: Vegetative 
rehabilitation and equipment workshop, 38th Annu. Rep. USDA Forest 
Serv., Washington, D.C. 

Hauser, V.L. 1986. Water injection in grass seed furrows. Trans. ASAE 
29~1247-1253. 

Hegarty, T.W., 1978. The physiology of seed hydration and dehydration, 
and the relation between water stress and the control of germination: a 
review. Plant Ccl1 Environ. l:lOl-I 19. 

Heydecker, W., J. Higgins, and Y.J. Turner. 1975. Invigoration of seeds? 
Seed Sci. Technol. 3:881-888. 

Hyder, D.N. 1974. Morphogenesis and management of perennial grasses in 
the United States, p. 89-98. In: Proc. Workshop of the U.S.-Australia 
Rangeland Panel. Berkeley, Calif., 29 March-5 April 1971. USDA Misc. 
Pub. 1271. 

Mascarenhas, A.F., M. Pathak, R.R. Hendre, D.D. Ghugale, and V. 
Jagannathnn. 1975~. Tissue cultures of maize, wheat, rice and sorghum. 
IV. Studies of organ differentiation in tissue cultures of maize, wheat and 
rice. Indian J. Exp. Biol. l3:116-119. 



Mascarenhas, A.F., M. Pathak, RR. Hendre, and V. Jagmmathan. 1975b. Murashige, T., and F. Skoog. 1962. A revised medium for rapid growth and 
Tissue cultures of maize, wheat, rice and sorghum. I. Initiation of viable bioassay with tobacco tissue culture. Physiol. Plant. lF473-497. 
callus and root cultures. Indian J. Exp. Biol. 13:103-107. Nakano, H., T. Tashiro, and T. Maeda. 1975. Plant differentiation in callus 

Masteller, V.J., and D.J. Holden. 1970. The growth of and organ formation tissue induced from immature endosperm of Oriziu sutiva L. Z. Pflan- 
from callus tissue of sorghum. Plant Physiol. 45:362-364. zenphysiol. 76:444449. 

Michel, B.E., and M.R. Kaufmann. 1973. The osmotic potential of Roohi, R., D.A. Jameson, and N. Nemati. 1991. The effect of light on 
polyethylene glycol6000. Plant Physiol. 5 1:914-916. adventitious root formation in blue grama. J. Range Manage. 44: 184-185. 



Defoliation effects on yield and bud and tiller numbers of 
two Sandhills grasses 
J. JEFFREY MULLAHEY, STEVEN S. WALLER, AND LOWELL E. MOSER 

Abstract 
Intensive grazing strategies for the Nebraska Sandhills must be 

based on time and frequency of defoliation of key warm-season 
grasses. A Iyear field study was conducted in the Nebraska Sand- 
hills to determine the effects of defoliation on yield and bud and 
tiller number of sand bluestem [Andropogon gerardif var. jruucipi 
lus (Nash) Fern.] and prairie sandreed [C&movi&z fong~olia 
(Hook.) Scribn.]. Defoliation (7 cm) treatments imposed on a 1.5 
X l-m plot were: a single defoliation on 10 June, 10 July, or 10 
August; 2 successive defoliations on 10 June and 10 August; or 3 
successive defoliations on 10 June, 10 July, and 10 August. All 
plots were harvested in October to obtain aftermath yield. Control 
plots were harvested only at the end of the growing season 
(October). Defoliation treatments were initiated in 19861987, and 
1988 on different plots and the effect of year of initiation as well as 
the effect of 3 successive years of repeated treatment (1986 plots) 
was evaluated. Annual dry matter (DM) yield, and bud and tiller 
numbers were measured. Following the initial year of treatment 
multiple defoliations increased yield of both grasses while bud and 
tiller numbers were similar to those of the control plants. After 3 
years of repeated treatment, annual DM yield of sand bluestem for 
all defoliation treatments was lower than the control. A single 
defoliation of sand bluestem in August or a June-July-August 
defoliation reduced bud number compared to other treatments and 
the control. A June-August defoliation of prairie sandreed over a 
3-year period increased annual DM yield compared to all treat- 
ments and the control although defoliation treatments reduced 
bud number. The optimum time and frequency of defoliation for 
annual DM yield and bud and tiller number was a single June or 
July defoliation for sand bluestem and a June-August defoliation 
for prairie sandreed. 

Key Words: clipping frequency, forage yield, sand bluestem 
[Andropogon gerurdii var. paucipilus (Nash) Fem.], prairie sand- 
reed [ Ca~ovilfcl fongifolia (Hook.) Scribn.]. 
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Growth and development of range grasses is influenced by time 
and frequency of defoliation. A single July defoliation of little 
bluestem [ Schizuchyrium scopurium (Michx.) Nash] in the Neb- 
raska Sandhills was the optimum treatment for total dry matter 
(DM) yield, tiller weight and number, and bud number (Mullahey 
et al. 1990). Defoliation at early growth stages of bluebunch 
wheatgrass [Pseudoroegneria spicata subsp. spicata (Pursh) A. 
Love] (Stoddart et al. 1975) and blue grama [Bouteloua gracilis 
(H.B.K.) Lag. ex Steud.] (Turner and Klipple 1952) reduced forage 
yield less than later defoliations. 

Herbage yields of unclipped western wheatgrass [ Pascopyrum 
smithii (Rydb.) A. Love] were 60% higher than those of plants 
receiving multiple defoliations (Buwai and Trlica 1977). Multiple 
defoliations severely reduced total seasonal yield and tiller numbers 
of sand lovegrass [ Eragrostis trichodes (Nutt.) Wood] compared to 
those of unclipped plants (Moser and Perry 1983). Additional 
studies have reported reduced herbage yields when clipping fre- 
quency was increased (Alberda 1957, Dwyer et al. 1963, Reed and 
Dwyer 197 1). Frequent defoliation of warm-season grasses severely 
reduced root development, inhibited rhizome development, and 
reduced herbage yield compared to unclipped plants (Biswell and 
Weaver 1933). Butler and Briske (1988) reported that grazing large, 
individual little bluestem plants fragmented the clump into scat- 
tered plants with higher tiller density/unit of basal area. 

The objectives of this study were to determine the initial effect of 
time and frequency of close defoliation within a growing season 
and the cumulative effect of 3 years of repeated defoliations on 
annual DM yield and bud and tiller numbers of sand bluestem 
[Andropogon gerardii var. pauciplius (Nash) Fern.] and prairie 
sandreed [Calamovilfa longifolia Hook.) Scribn.] growing in a 
community. 

Materials and Methods 

A field study was conducted at the Gudmundsen Sandhills 
Laboratory (GSL) near Whitman, Neb., during 1986 to 1988. The 
study site was on a Valentine tine sand (mixed, mesic Typic Ustip- 
samments) with a 30% south-facing slope in high-good range con- 
dition. The plant community consisted primarily of sand bluestem, 
prairie sandreed, schweinitzii flatsedge (Cyperus schweinitzii 
Torr.), and a composite of different forbs and other grasses such as 
sand lovegrass and little bluestem. Prior to this study, the area had 
not been grazed for 10 years. 

The experimental area was divided into 4 replications. A criss- 
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Date of defoliation 
Fig. 1. Annual dry matter (DM) yield of sand blue&m for different defoliation dates for 3 successive years (1986-1988) of repeated defoliations at the 

Gudmondsen Sandhills Labomtorv. Whitman. Nebraska. Bars within a defoliation scheme having the same letter are not signifkantiy different 
@>O.lO) as determined by Fisher’s_k-pr0tectcdL.S.D. 

cross pattern was used for treatment delineation with appropriate 
alleys. Each replication was divided into thirds (1.5-m wide) paral- 
lel to the slope and year of initiation (1986, 1987, or 1988) was 
randomly assigned. The replication was also divided into sixths 
perpendicular to the slope. Six defoliation treatments were ran- 
domly assigned for each replication and were continuous strips 
across the year-of-initiation treatments (strip split block treatment 
arrangement) resulting in experimental units that were 1.5 X 1 m. 
Defoliation treatments were repeated on the 1986 plots in 1987 and 
1988 to evaluate cumulative effect. Areas that did not receive a 
treatment in 1986 and/or 1987 were clipped at dormancy to 
remove aftermath. Defoliation treatments were: a single defolia- 
tion on either 10 June, 10 July, or 10 August; 2 successive defolia- 
tions on 10 June and 10 August; or 3 successive defoliations on 10 
June, 10 July, and 10 August. Control plots were defoliated only at 
the end of the growing season (October). All plots were harvested 
for aftermath yield in October when plants were dormant. Annual 
DM yield within the defoliation treatments was the sum of growing 
season harvest(s) plus the October aftermath yield. 

All grasses were clipped to 7 cm, schweinitzii flatsedge to 2 cm. 
Level of forb defoliation varied by species and both leaves and 
stems were clipped. Criteria for degree of defoliation were based on 
observations in intensively grazed pastures in May 1986. Plants 
were classified into 5 categories: sand bluestem, prairie sandreed, 
other grasses, schweinitzii flatsedge, or forbs. Clipped material was 
sorted and current year’s growth was dried at 60° C for 48 hours to 
determine DM yield. 

In October of each year the down-slope one-third of each plot 
(0.5 X 1 m) was excavated (40 cm depth) to remove roots, rhi- 
zomes, and tillers. Soil was replaced and sod removal had no 
visible impact on vegetation development of adjacent areas in 
subsequent years. Prairie sandreed and sand bluestem were separ- 
ated, washed to remove soil, and buds and tillers were counted. 
Buds occurred either at rhizome nodes or at nodes on the base of a 
current year’s tiller. Tillers of more than 2.5 cm in height (usually 
green) were defined as current year’s growth. Buds comprised 
meristematic tissue less than 1 cm which had not differentiated into 
a rhizome or tiller. 
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Data were analyzed as a split block using the General Linear 
Models Procedure (SAS 1982) with treatments means separated 
using Fisher’s F-protected L.S.D. Treatment means for year of 
initiation (1986,1987, or 1988) were pooled over years if the year of 
initiation X defoliation treatment interaction was not significant. 
If the year of initiation X defoliation treatment interaction was 
significant, the effect of defoliation treatment was analyzed by 
year. The cumulative effect of defoliation treatments applied in 3 
successive years (1986-1988 on 1986-initiated plots only) was ana- 
lyzed in a similar manner. Differences among treatment means 
were declared significant at p<O. 10. 

Results and Discussion 

Initial Year of Treatment 
Sand Bluestem 

A year of initiation X defoliation treatment interaction occurred 
for annual DM yield (Table 1). In 1986 and 1988 only the 2- 
defoliation treatment was higher in annual DM yield than the 
control. In 1987 the single June or July defoliation produced 
higher annual DM yields than the control although precipitation 
was generally below normal during June and July. The 1988 pre- 
cipitation (530 mm) was above normal (480 mm) and mean annual 
DM yields from all defoliated plots generally were higher than 
those in control plots. However, only yields of the 2-defoliation 
treatment were significantly greater from those of the control. 
These results differed from Moser and Perry (1983), who reported 
total yield of grazing-sensitive sand lovegrass following 1 year of 
clipping was greatest for unclipped plants although plants clipped 
once were higher in yield than plants clipped 2 or 3 times. Vogel 
and Bjugstad (1968) found yield of little bluestem, big biuestem 
(Andropogon gerardii Vitman), and indiangrass [ Sorghastrum 
nutans (L.) Nash] was highest for unclipped plants following 1 year 
compared to clipping at different times during the growing season. 
Our study area had not been grazed for 10 years before this study. 
Initial plant vigor may have allowed greater yield of defoliated 
plants in the first year of treatments than has been reported in the 
literature. 

No significant year of initiation X defoliation treatment interac- 
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Table 1. Annual dry matter (DM) yield of sand bluestem and prairie 
sandreed for each year of defoliition initiation (1986,1987, or 1988) at 
the Gudmundsen Sandbills Laboratory, Whitman, Nebrnska. 

Date of defoliation 

Control 
June 
July 
Aug. 
June, Aug. 
June, July, Aug. 

Control 
June 
July 
Aug. 
June, Aug. 
June, July, Aug. 

Annual DM yield (g/m*) 
1986 1987 1988 

__________ Sandbluesteml ______-_- 
39.4w 4O.Ob 55.lb 
32.4b 60.3a 66.9ab 
32.7b 57.9a 54.3b 
45.5ab 50.3ab 6l.Oab 
52.2a 46.2ab 71.8a 
37.4ab 47.6ab 65.9ab 

__________Prai~esandreed’----------- 
34.7b 32.4b 26.la 
27.8b 32.7b 29.4a 
38.0ab 47.2b 36.4a 
34.2b 43.2b 38.4a 
53.Oa 7l.Oa 37.4a 
36.7ab 65.9a 3l.Oa 

‘Year of initiation X defoliation treatment interaction si iticant @<O.lO). 
2Numbers in a column with the same letter are not sign1 xantly different at the 0.10 .P 
level as determined by Fisher’s F-protected L.S.D. 
3Year of initiation X defoliation treatment interaction not significant (p>O.lO). 

tion occurred for bud and tiller number. There was no treatment 
effect on bud numbers during the first year. Bud number averaged 
over treatments in 1986 (256/m*) was lower than in 1987 (537/mz) 
or 1988 (520/m2) with no difference between 1987 and 1988. Pre- 
cipitation during the growing season was higher in 1987 (313 mm) 
and 1988 (530 mm), which could explain the large number of buds 
compared to 1986 (202 mm). Additionally, lower precipitation in 
June and July of 1986 (61 .O and 14.7 mm, respectively), when sand 
bluestem initiated buds (Brejda et al. 1989), may have reduced bud 
numbers in 1986. Tiller number was not different among treat- 
ments. Tiller number for all treatments in 1986 (57/m2) was signifi- 
cantly lower than in 1987 (96/m2) or 1988 (102/m2), which fol- 
lowed the same trend as bud number and precipitation pattern. 

Prairie Sandreed 
Annual DM yield of prairie sandreed was generally higher for 

cu- 

3 
E 
a 

multiple defoliations (Table 1). Annual DM yield for 1986, 1987 
and 1988, averaged over all treatments, was variable (37.3, 48.7, 
and 33.1 g/m2, respectively) with 1987 being different from 1988. 
Differences among years were partially related to increasing pre- 
cipitation from 1986 to 1988. However, 1988 yields were lower than 
in 1986 even though precipitation was greater, unlike sand blues- 
tern. Below-normal precipitation in August and September of 1988 
contributed to reduced aftermath yields of the single August defo- 
liation treatment, the control, and the multiple defoliation treat- 
ments compared to the same treatments in 1986 and 1987. 

There was no year of initiation X defoliation treatment interac- 
tion for bud and tiller number. Bud number was not different 
among treatments including the control. Differences among years 
(1986, 1987, or 1988) were significant with bud number in 1986 
(259/m2) lower than in 1987 (537/m2) or in 1988 (52O/m2). Lower 
precipitation prior to May and June of 1986, when prairie sandreed 
initiated buds and rhizomes (Brejda et al. 1989), may explain lower 
bud numbers in 1986. Tiller number was not different among 
defoliation treatments nor among years of initiation. 

Cumulative Effect of 3 Successive Years of Treatment 
Sand Bluestem 

A year X defoliation treatment interaction occurred for annual 
DM yield for plots initially treated in 1986 with treatments 
repeated in 1987 and 1988 (Fig. 1). Annual DM yield in the third 
year (1988) of defoliation was reduced by 2 defoliations and a 
single August defoliation compared to the control. Annual DM 
yield from 3 defoliations and a single June or July defoliation was 
similar to the control. Comparing the 2- and 3defoliation treat- 
ments, the August yield was greater for the 2defoliation treatment 
but the additional harvest in July increased annual yield for the 
3defoliation treatment. Defoliating once in August reduced yield 
after 3 years whereas a single defoliation in June or July produced 
similar yields in year 1 and 3 (Fig. 1). Following 3 years of defolia- 
tion, a single June or July defoliation and a 3defoliation treatment 
were similar to the control in annual DM yield. Similar annual DM 
yields between defoliated and control plants were not observed for 
little bluestem (Mullahey et al. 1990), big bluestem, and indian- 
grass (Vogel and Bjugstad 1968). Sand lovegrass clipped 3 times a 
year had died by the second year (Moser and Perry 1983). 

70 I ._ 

tm June July q  Aug q  Ott 

1986 1987 1988 1986 1987 1988 1986 1987 1988 1986 1987 1988 1986 1987 1988 1986 1987 1988 

I June A I July -J I- August d I- June d I June A L Control 2 
& August July & August 

Date of defoliation 
Fig. 2. Annual dry matter (DM) yield of prahie sandreed for different defoliation dates for 3 successive years(l986-1988) of repeated defoliations at the 

Gudmundsen Sandhills Laboratory, Whitman, Nebraska. Bars within a defoliation scheme having the same letter are not significantly @>O.lO) as 
determined by Fisher’s F-protected L.S.D. 
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Bud and tiller numbers were averaged over years since there were 
no year X treatment interactions. A single clipping in August or 3 
defoliations (June, July, and August) significantly reduced bud 
number compared with all other treatments and the control (Table 
2). TWO defoliations (June and August) did not have a detrimental 
impact on bud number relative to the control. However, bud 
number (year 1 to year 3) from 2 defoliations generally declined. 
This pattern, projected beyond 3 years, suggested that 2 defolia- 
tions would reduce bud number. Buds on control plants were 
larger than those on plants defoliated more than once. The number 
of newly initiated tillers (buds) of sand lovegrass was severely 
reduced by all clippings (1 to 3 times) compared to unclipped plants 
after 3 years of treatment (Moser and Perry 1983). 

Table 2. Bud and tiller number of sand bluestem and prdrie sandred on 
plots with treatment initiated in 1986 averaged over a fyear pehd (1986 
to 1988) of repeated defoliation at the Gudmundsen Sandhills Labora- 
tory, Whitman, Nebraska. 

Date of defoliation’ 
Sand bluestem Prairie sandreed 

Buds Tillers Buds Tillers 
_-___no./mZ_____ _____no./mZ _____ 

Control 413a2 79a IOla 15bc 
June 365a 92a 52c 56c 
July 382a 77a 6Obc 88ab 
Aug. 248b 70a 57c 97ab 
June, Aug. 3%a 73a 75b 98a 
June, July, Aug. 252b 6la 66bc 85ab 
‘Year X treatment interaction not significant @>O.lO). 
2Numbers in a column with the same letter are not significantly different at the 0.10 
level as determined by Fisher’s F-protected L.S.D. 

Following 3 years of treatment there was no difference in tiller 
number between the treatments and control plants. Three defolia- 
tions or a single August defoliation had the lowest mean tiller 
count. A single June or July defoliation appeared to be the most 
beneficial. Prior to culm elongation, tiller replacement in crested 
wheatgrass [Agropyron desertorum (Fisch.) Schult.] was not 
affected by heavy grazing (Olson and Richards 1988a). However, 
heavy grazing during or after culm elongation increased winterkill 
of fall-produced tillers. Tussocks grazed twice within the spring 
grazing season generally had lower overwinter tiller mortality and 
greater tiller replacement than tussocks grazed only once in late 
spring. Heavy grazing during or after culm elongation did not 
allow for maintenance of the crested wheatgrass tussocks. Olson 
and Richards (1988b) indicated that grazing rarely affected the 
number of replacement tillers/ progenitor in crested wheatgrass 
tussocks. Considering annual yield, bud and tiller numbers, the 
single defoliations in June or July were the optimum treatment. 
Apparently, 3 years was not long enough for reduced bud number 
to affect yield. 

Prairie Sandreed 
Generally annual DM yield declined for all defoliation treat- 

ments over the 3-year period (Fig. 2). The same pattern was true for 
the control plots indicating an environmental influence since there 
was no significant year X defoliation treatment interaction. Two 
defoliations produced the highest annual DM yield and it was 
different from 3 defoliations, a single June defoliation, a single 
August defoliation and the control when averaged over years. A 
single June defoliation was lower in annual DM yield (including 
end-of-season yield) than a single defoliation in July or August. All 
treatments harvested during the growing season produced more 
than the control except for the single June defoliation. Defoliation 
of prairie sandreed generally increased DM yield compared to the 
control while all defoliation treatments reduced sand bluestem 
yields compared to the control. Multiple defoliations (2 or 3) and a 

single June defoliation produced declining trends in yield over the 
3 years (Fig. 2). 

Bud number, averaged over all 3 years of treatment, for control 
plants was higher than for all treated plants (Table 2). Bud number 
was highest for the June-August defoliation treatment while plants 
with single June defoliation had the fewest number of buds. This 
pattern was consistent with yield data. Since prairie sandreed has a 
biennial tiller (Brejda et al. 1989), it began growth in early May and 
was susceptible to all defoliation treatments. In contrast, sand 
bluestem bud number was less affected by defoliation treatment 
since it initiated growth later and had fewer elongated tillers during 
the growing season. The relative abundance of buds varied by 
species, primarily resulting from a large number of axillary buds on 
sand bluestem rhizomes as an adaptation to burial (Brejda et al. 
1989). 

Influence of defoliation on tiller number was variable (Table 2). 
Date of defoliation did not have as much impact on sand bluestem 
tiller number as on prairie sandreed because most sand bluestem 
tillers were unelongated, resulting in the removal of very few shoot 
apices. Defoliation treatments of prairie sandreed that were 
clipped after June had the highest number of tillers and were 
significantly different from the single June defoliation (56/mr). 
There was no removal of shoot apices with the single June defolia- 
tion or control. Removal of shoot apices with later defoliations 
may have stimulated additional tiller development. Caucasian 
bluestem [Eothrichloa caucasia (Trin.) C.E. Hubb.] pastures that 
were heavily grazed from mid-May until late September produced 
more tillers per unit area than lightly grazed pastures (Christiansen 
and Svejcar 1988). In contrast Olson and Richards (1988c), found 
that grazing during culm elongation reduced relative tiller growth 
rates, but stimulated the growth of axillary tillers of crested wheat- 
grass. Grazing after tiller elongation did not stimulate axillary tiller 
production. Yield per tiller in this study was not greatly affected by 
defoliation treatment since yield at the end of 3 years of treatment 
was closely related to the average tiller number. 

Annual Forage Yield 
Three continuous years of defoliation significantly reduced 

annual plot yield (yield of all species in the plot for growing season 
plus end-of-season yields) for both multiple defoliation treatments 
and a single August defoliation. In the first year, all treatments 
resulted in higher annual plot yield than the control. By the third 
year, yield from control plots was highest followed by a single June 
or July defoliation. Multiple defoliations within a growing season 
reduced annual plot yield over time, resulting in the lowest annual 
yield of all treatments by the third year. 

Conclusion 

The effects of biomass removal on plant growth and develop- 
ment of sand bluestem and prairie sandreed are dependent upon 
time and frequency of defoliation within a growing season and the 
number of successive growing seasons with repeated treatment. 
Following the year of treatment initiation, bud and tiller number of 
defoliated plants were similar to those of the control; however, 
increased annual yield was generally favored by multiple defolia- 
tions. Although the magnitude of the response may be influenced 
by precipitation, 1 year of close, multiple defoliation should not 
reduce plant yield, bud and tiller number. Following 3 years of 
defoliation, a single defoliation in June or July optimized the yield 
and bud and tiller number of sand bluestem, whereas 2 defoliations 
(June and August) optimized the variables for prairie sandreed. 
Defoliating sand bluestem 3 times a season or a single August 
defoliation severely reduced bud number while a single June defo- 
liation of prairie sandreed greatly reduced bud and tiller number. 
Grazing prairie sandreed in June would benefit a desirable species 
like sand bluestem while reducing bud number of prairie sandreed. 
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The vegetation responded favorably to close multiple defoliations 
in the first year with increased yield and relatively stable bud and 
tiller number compared to the control. However, the increased 
yield was not sustained and multiple defoliations resulted in the 
lowest annual plot yields after 3 successive years of treatment. 
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Long-term effects of rangeland d&king on white-tailed deer 
browse in south Texas 
ERASMO MONTEMAYOR, TIM E. FULBRIGHT, LARRY W. BROTHERS, BOBBY J. SCHAT, AND DEBRA CASSELS 

Abstract 

Brush is an important component of white-tailed deer (Odocoi- 
Ieus virginianus Raf.) habitat. We determined the long-term effects 
of offset disking on canopy cover, density, and diversity of brush 
species browsed by white-tailed deer. In 1989, we sampled vegeta- 
tion in untreated strips and strips disked in 1973 in Jim Hogg 
County, Texas. Strips disked in 1974-1975 were sampled in Duval 
County, Texas, in 1985. Brush density was used to calculate species 
richness, evenness, and Shannon’s index. In Jim Hogg County, 
Texas pricklypear (Opuntia 1indheimeriEngelm.) density and can- 
opy cover was greater in disked than in untreated strips. Density of 
other brush species was similar in disked and untreated strips. In 
Duval County, agarito (Berberis trjfoliuta MO&.) was the only 
brush species with lower density on disked (56 plants/ha) than on 
untreated (222 plants/ha) strips. Brush species richness and diver- 
sity were similar in the untreated and disked strips ln both study 
areas. Landowners should consider disking for managing brush if 
they want to maintain brush diversity and browse for white-tailed 
deer. 

Key Words: brush management, habitat, Odocoileus virginianus 
Raf., diversity, South Texas Plains 

Landowners in Texas mechanically treat an average of 323,037 
ha of rangeland annually to suppress brush and increase livestock 
forage (Welch 1982). Treatment methods include roller chopping, 
shredding, disking, chaining, cabling, and root plowing. Roller 
chopping and shredding remove aboveground growth, and most 
brush species in south Texas resprout soon after treatment (Welch 
et al. 1985). Offset disking primarily kills shallow-rooted species. 
Root plowing is the most effective mechanical treatment and kills 
most brush species. 

Many of the brush species controlled by these methods provide 
browse and cover for white-tailed deer (Odocoileus virginianus 
Raf.) (Fulbright and Beasom 1987). Although forbs may form the 
major portion of diets in spring, during most of the year browse is 
the major component of deer diets in the Rio Grande Plains of 
Texas (Arnold and Drawe 1979, Vamer and Blankenship 1987). 
Shrubs may compose more than 94% of deer diets during fall and 
winter (Vamer and Blankenship 1987). Deer also need brush for 
screening cover and shade (Inglis 1983). Steuter and Wright (1980) 
and Pollock et al. (1989) found that heavy deer use of brush 
communities is associated with high brush diversity. 

Published information on the long-term effects of brush man- 
agement on white-tailed deer habitat is meager. We determined the 
long-term effects of disking on canopy cover, density, brush species 
richness, and diversity of browse and cacti at 2 sites in south Texas. 

Study Area 

The study was conducted in Jim Hogg and Duval Counties, 
Texas, in the South Texas Plains Vegetation Region (Gould 1975). 
Mean annual rainfall in Jim Hogg County is 47 cm and the mean 
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annual temperature is 23” C. The study site was on a 1,416ha 
ranch 42 km south of Hebbronville, Texas. About 70% of the study 
area consists of Copita soils of the Brennon-Hebbronville associa- 
tion, which are fine-loamy, mixed, hyperthermic Ustollic Calcior- 
thids (Sanders et al. 1974). Major woody plants include blackbrush 
acacia (Acacia rigidula Benth.), guajillo (A. berlandieri Benth.), 
and ceniza [Leucophyllum frutescens (Berl.) I.M. Johnston]. The 
ranch is grazed by cattle under a four-pasture one-herd grazing 
system with a stocking rate of 25 ha/animal unit. 

The Duval County study area was on a 1,619-ha ranch 7 km east 
of Freer, Texas. Mean annual rainfall in Duval County is 59 cm 
and the mean annual temperature is 23O C. The study area is on the 
Gray Sandy Loam range site, which consists of deep, calcareous, 
fine sandy loam or clay loam (SCS, Benavides, Texas, unpub- 
lished). Major woody plants include honey mesquite (Prosopis 
glandulosa Torr.), spiny hackberry (Celtis pallida Torr.), and 
capul (Schaefferiu cuneifoliu Gray). The ranch is grazed by cattle 
at 12 ha/animal unit with pastures periodically deferred. 

Methods 

Strips of brush in the Jim Hogg County study area were disked 
in 1973 with a 3.7-m-wide, heavy offset disk. Disk blades were 91.4 
cm tall and 1.9 cm thick. Disked strips were 2.9 km long and 88-97 
m wide and were separated by untreated strips varying from 100 to 
127 m wide. Buffelgrass (Cenchrus ciliuris L.) was planted at the 
time of disking. Woody vegetation and cacti were sampled in 
spring 1989 using twenty lo-m-long transects in each of 3 disked 
strips and in adjacent untreated strips. 

Strips of brush in the Duval County study area were disked with 
a 3.7-m-wide, heavy offset disk with 121.9-cm-tall blades in 
August-September 1974 and March-April 1975. Buffelgrass and 
kleingrass (Panicum coloratum L.) were planted in the strips. The 
disked strips ranged from 305 to 457 m long and 29 to 78 m wide. 
The maximum distance between disked strips was 4 km. Brush was 
sampled in fall 1985 using four 20-m transects in each of 6 disked 
strips and in adjacent untreated strips. 

Transects were placed in disked strips and adjacent untreated 
strips using a stratified random method (Knight 1978: in Chambers 
and Brown 1983). Percent canopy cover of woody species and cacti 
was determined using the line intercept method (Canfield 1941). 
Brush density was determined by counting individual plants 
rooted in I- X 10-m (Jim Hogg County) or 1.5- X 20-m (Duval 
County) plots along each transect. 

Brush density was used to calculate brush species richness, 
Shannon’s diversity index, and evenness (Pielou 1977). Data were 
analyzed using paired t-tests (Steel and Torrie 1980) with n = 3 for 
the Jim Hogg County study area and n = 6 for the Duval County 
study area. 

Results and Discussion 

Total brush canopy cover in the untreated (88 f 3%) (X f SE) 
and disked (73 f 8%) strips at the Jim Hogg County site was 
similar (P = 0.09). Total brush density in the untreated (15,333 f 
721 plants/ha) and disked (18,383 f 1,227 plants/ha strips was 
also similar (P= 0.15). Total brush density was similar (P= 0.46) in 
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Table 1. Canopy cover ($6) and density (plants/ha) of brush on untreated 
(Untr.) and rangeiand disked in 1973, Jim Hogg County, Texas 1989. 
Browse value ratings for white-t&d deer are from Neiie (1984). 

Browse value 
Brush swcies 

Canopy cover Density 
Untr. Disked Untr. Disked 

Excellent 
Chomonque 
Narrowleaf fore&era 
Texas kidneywood 
Vine ephedra 

High 
Bluewood 
Coma 
Guajiiio 
Guayacan 
Lime pricklyash 
Spiny hackberry 
Texas pricklypear 

Medium 
Blackbrush acacia 
Capul 
Ceniza 
Honey mesquite 
Lotebush 
Shrubby blue sage 
Texas colubrina 
Texas persimmon 

Low 
Allthom 
Berlandier wolfberry 
Brush myrtlecroton 
Coyotillo 
Creeping mesquite 
Creosotebush 
False mesquite 
Goldenweed 
Javelinabush 
Pencil cactus 
Skeleton goldeneye 
Torrey croton 
Torrey yucca 
Whitebrush 

4 
<l 

3 
<l 

1 
29 
0 
2 

19 
2 
3 

<i 
3 

40 
22 

1 
9 
6 
0 
2 
0 
1 

14 
1 
0 
1 
3 

- 
0 

- 
<l 

: 
i 
2 

<l 
<i 

3 
<I 

1 
2 
0 

24 
<1 

1 
io** 

1 
1 
1 

10+ 
31+ 
23 

: 
<I 
<i 

1 
<i 
<i 
15 

<1* 
<1 
<1** 

2* 
- 

Cl 
- 

<I 
0 
2 
4 
4 
1 
1 

461 461 
0 17 

367 217 
17 233 
83 0 

3,950 4.8161 
17 33 

950 333 
1,833 2,250 

250 317 
433 317 

83 83 
383 I ,483* 

6,183 6,783 
2,583 3,650 

433 300 
2,217 1,733 

67 17 

800 
0 

83 
4,133 

67 
17 

383 
700 

0 
17 
83 

117 
83 

1,117 
467 

1,467 
50 

167 

- 
967 

17 
100 

6,316 
33 
17 

167 
267 

17 
0 
0 

817 

68; 
1,200 
2,733 

33 
350 

l ~**Significant at the 0.05 and 0.01 levels, respectively. 

untreated (14,611 f 1,872 plants/ ha) and disked strips (12,556 f 
2,103 plants/ ha) at the Duval County site, but total cover was 
greater (P= 0.007) in the untreated (101 f 6%) than disked strips 
(61 f 8%). Steuter and Wright (1980) found that brush canopy 
cover >6% is optimal for use by white-tailed deer during summer. 
Thus, canopy cover in the disked strips in the Jim Hogg County 
and Duval County study areas was within the optimal range 16 and 
10 years after treatment, respectively. 

Total density of high-value browse species was higher on disked 
strips than on untreated strips in Jim Hogg County (Table 1). In 
Duval County, total canopy cover of excellent-value woody 
browse was greater on untreated strips (Table 2). Guajillo (in Jim 
Hogg County) and guayacan (Porlieria angustifolia Engelm.) (in 
Duval County) had lower canopy cover on disked than on 
untreated strips. Canopy cover and density of Texas pricklypear 
(Opuntia lindheirneri Engelm.), a high-value browse plant, was 
greater on disked than untreated strips in Jim Hogg County (Table 
1). Pricklypear density may increase following other mechanical 
treatments, such as root plowing and chaining (Dodd 1968). Can- 
opy cover and density of other excellent and high-value browse 
were similar on untreated and disked strips. 

Canopy cover and density of moderately valuable woody browse 
species were similar on untreated and disked strips, except capul, 

Appendix Table 1. Scientific names of brush species. 

Browse value 
Common name Scientific name 

Excellent 
Chomonque 
Narrowleaf forestiera 
Texas kidneywood 
Vine ephedra 

High 
Bluewood 
Catclaw acacia 
Coma 
Lime pricklyash 

Medium 
Lotebush 
Shrubby blue sage 
Texas colubrina 
Texas persimmon 

LOW 

Agarita 
Aiithom 
Allthom goatbush 
Berlandier wolfberry 
Brush myrtiecroton 
Coyotiiio 
Creeping mesquite 
Creosotebush 
False mesquite 
Goldenweed 
Javeiinabush 
Mountain laurel 
Pencil cactus 
Rio Grande aloysia 
Skeleton goldeneye 
Torrey croton 
Torrey yucca 
Whitebrush 

Gochnatia hypoleuca (DC.) Gray 
Forestiera angustifolia Torr. 
Eysenhardtia texana Scheeie. 
Ephedra antisyphlitica Berl. 

Condalia obovata Hook 
Acacia greggii Gray 
Bumelia celastrina H.B.K. 
Zanthoxylum fagara (L.) Sarg. 

Condalia obtusifolia (Hook.) Weberb. 
Salvia ballotaejlora Benth. 
Colubrina texensis (T. & G.) Gray 
Diospyros texana Scheeie 

Berberis trifoliata Moric. 
Koeberlina spinosa Zucc. 
Costello texana (T. & G.) Rose 
Lycium berlandieri Dunal 
Bernardia myricaefolia (Scheele) Wats. 
Karwinskia humboldtiana (R.&S.) Zucc. 
Prosopis reptans Benth. 
L.urrea divaricata Cav. 
Calliondra conferta Benth. ex Gray 
Croptilon divaricatum (Nutt.) Raf. 
Microrhamnus ericoides Gray 
Sophora SecundiflOra (Ort) Lab. 
Opuntia leptocaulis D.C. 
Aloysia macrostachya (Torr.) Moldenke 
Viguieria stenoloba Blake 
Croton torreyanus Muell. 
Yucca torreyi Shafer 
Aloysia lycioides Cham. 

which had higher canopy cover on untreated strips in Duval 
County. 

Brush species richness and diversity were similar (p>O.OS) on 
untreated and disked strips. In Jim Hogg County, the average 
number of species per strip was 23 f 0.7 on disked and 23 f 1.5 on 
untreated strips. Shannon’s index and evenness were 1.09 f 0.02 
and 0.8 1 f 0.01 on disked strips and 1.13 f 0.03 and 0.83 f 0.01 on 
untreated strips. In Duval County, average brush species richness, 
Shannon’s index, and evenness were 17 f 0.7,1.02 f 0.04, and 0.83 
f 0.02 on untreated strips and 15 f 0.7,0.95 f 0.02, and 0.82 f 
0.02 on disked strips, respectively. 

Density of spiny hackberry, guayacan, guajillo, and other 
browse plants of high value for white-tailed deer is lower on 
root-plowed rangeland than on untreated range 20-30 years post- 
treatment (Fulbright and Beasom 1987). Brush species richness 
and diversity are also lower on root-plowed rangeland. The min- 
imal effect of disking on browse species density, richness, and 
diversity probably resulted because the disk does not penetrate 
deeply enough to kill woody plants with deep bud tissues (Welch et 
al. 1985). Also, many plants may reestablish root systems if the soil 
is sufficiently moist when disked. In comparison, root plows sever 
woody plants 20-30 cm below the soil surface and kill most brush 
species. 

Landowners may prefer disking over root plowing if they want 
to increase grass production (Drawe 1977) without causing along- 
term decrease in browse density and species richness. Projected 
over the effective life of the treatment, disking may be more expen- 
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sive than root plowing. The estimated cost of root plowing is about 
$11 l/ha and projected suppression of brush is about 13 years 
(K.M. Black, SCS, Area Range Conserv., Alice, Texas, personal 
commun.). Disking with a 91-cm disk costs about $99/ha, with 
projected suppression of brush about 5 years. 

Table 2. Canopy cover (%) and density (plants/ha) of brush on untreated 
(Untr.) and rangeland disked in 1974-75, Duval County, Texas 1985. 
Browse value ratings for white-tailed deer are from Nelle (1984). 

Browse value 
Brush species 

Canopy cover Density 

Untr. Disked Untr. Disked 

Excellent 
Narrowleaf forestiera 
Texas kidneywood 
Vine ephedra 

High 
Bluewood 
Catclaw acacia 
coma 
Guayacan 
Lime pricklyash 
Spiny hackberry 
Texas pricklypear 

Medium 
Blackbmsh acacia 
Capul 
Ceniza 
Honey mesquite 
Lotebush 
Shrubby blue sage 
Texas colubrina 
Texas persimmon 

Low 
Agarita 
Allthom goatbush 
Berlandier wolfberry 
Brush myrtlecroton 
Mountain laurel 
Pencil cactus 
Rio Grande aloysia 
Torrey yucca 
Whitebrush 

: 

26 
9 
2 

<l 
5 
2 
7 
0 

61 
1 
9 

21 
2 
8 
6 

12 
10 

<1 
1 
4 

<1 
<1 

1 
<1 

2 

1+ 
<I 

<l 
16 
2 

0 
1* 
4 
7 

<I 
41 

4* 

12 
2 
7 
9 
6 
3 

<1* 
<I 

1 
<l 
0 

<I 
0 
0 
2 

375 
194 
Ill 
69 

3,889 

:: 
97 

1,556 
542 

1,042 
14 

7,722 
56 

1,944 
83 

486 
306 

2,ooo 
2,028 

819 
2,625 

222 
83 

194 
1,153 

14 
111 
153 
14 

681 

403 
97 

250 
56 

3,583 
208 
194 
42 

889 
875 

1,333 
42 

7,625 
28 

2,569 
97 

278 
528 

1,264 
1,958 

903 
944 
56* 
56 

181 
208 

0 
69 
14 
14 

347 
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Long-term tebuthiuron content of grasses and shrubs on 
semiarid rangelands 
T.N. JOHNSEN, JR. AND H.L. MORTON 

Abstract 

Perennial plants collected from 5 north-central Arizona semi- 
arid locations were assayed for tebuthiuron {N-5-(l,l-dimethy- 
lethyl)-l,3,4-thiadiazol-2-yl)-N,N’-dimethylurea~ and its metabo- 
lites using gas chromatography with flame photometric detection. 
Tebuthiuron was applied at rates ranging from 0.9 to 6.7 kg active 
ingredient (a.i.)/ha in 1975 through 1979. Plants were harvested in 
1980 through 1986,2 to 11 years after applications. Tebuthiuron 
was detected in sideoats [Bouteloua curtipendzda (Michx.) Torr.] 
and blue grama [B. gracilis (H.B.K.) Lag. ex Griffiths] 10 years 
after application of 6.7 kg/ha. Metabolites of tehuthiuron were 
detected in blue grama 11 years after applications of 2.2,4.5, and 
6.7 kg/ha. The ratios of tebuthiuron to metabolites varied widely. 
The highest concentrations of tebuthiuron plus metabolites were 
25pg/g in blue grama 10 years after application of 4.5 kg/ha, and 
21 and 23 pg/g in sideoats grama 9 and 10 years, respectively, after 
application of 6.7 kg/ha. Only these 3 samples of 120 samples 
assayed exceeded the legal limit of 20 pg/g of tebuthiuron plus 
metabolites in forage plants. No samples from plots treated with 
4.0 or less kg/ha exceeded 10 pg/g of tebuthiuron plus metabolites, 
and only 10% of them exceeded 5 pg/g. 

Key Words: Bouteloua curtipendula, B. gracilis, herbicide metah- 
olites, B. eriopoda, herbicide residues 

Tebuthiuron {N-[5-(l,ldimethylethyl)-l,3,4-thiadiazol-2-yl]-jV, 
N’dimethylurea) is a persistent, soil applied herbicide used to con- 
trol brush and weeds on rangelands and along rights-of-way (Sci- 
fres et al. 1979, Pettit 1979, Meyer et al. 1983, Clary et al. 1985a, 
Herbel et al. 1985, McDaniel and Balliette 1986). Forage produc- 
tion and quality often increase following tebuthiuron treatments 
(Scifres and Mutz 1978, Scifres et al. 1983, Bovey et al. 1984, 
Masters and Scifres 1984, Whitson and Alley 1984, Herbel et al. 
1985). This forage may be preferentially grazed over that on 
untreated areas (Scifres et al. 1983, Biondini et al. 1986). The 
Environmental Protection Agency specifies that no more than 20 
pg/g of tebuthiuron plus its metabolites may occur in forage and 
hay, and that treated grasses are not to be cut for hay or grazed by 
lactating dairy cows for 2 years after application. 

Tebuthiuron is absorbed by plant roots and accumulated in the 
top growth (Baur and Bovey 1975, Steinert and Stritzke 1977), and 
may be returned to soils from decomposing litter (Garcia and Lee 
1979). The amount of tebuthiuron absorbed by plants increases 
with the rate of treatment (Martin and Morton 1981). Plants 
metabolize tebuthiuron (Loh et al. 1978, Martin and Morton 198 1, 
McNeil et al. 1984). But metabolism may be slow. Only tebuthiu- 
ron was found in plants 24 hours after tebuthiuron was absorbed 
through the roots (Steinert and Stritzke 1977). 

Tebuthiuron concentrations in grasses were less than I pg/g 
during the initial 6 months after treatment with tebuthiuron pellets 
in south Texas (Bovey et al. 1978). But in other field tests, grasses 
averaged 4.4,2.2,0.1, and 0.9 pg/g of tebuthiuron plus metabolites 
during the first, second, third, and fourth years after application, 
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Watershed Management Research Unit, 2000 East Allen Road, Tucson, Arizona 
x5719. 
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respectively, and no samples exceeded 20 pg/g (Elanco Products 
1983). The highest concentration of tebuthiuron plus metabolites 
detected in samples from Arizona and Northern Mexico was 18.4 
pg/g in blue grama [Bouteloua grucilis (H.B.K.) Lag ex Griffiths] 
12 months after application of 1.5 kg/ha (Ibarra 1984); however, 
concentrations of tebuthiuron and metabolites fluctuated widely. 
Grasses usually contained more metabolites than tebuthiuron dur- 
ing a 30-month period after applications (Ibarra 1984). 

In greenhouse studies resistant grasses accumulated up to 20 
pg/g of tebuthiuron plus metabolites, while metabolizing as much 
as 50% of the tebuthiuron. But a susceptible shrub accumulated as 
much as 200 E.rg/g of tebuthiuron plus metabolite, metabolizing 
less than 20% of the tebuthiuron (Martin and Morton 1981). 

Plants should accumulate tebuthiuron or its metabolites when- 
ever tebuthiuron is present in the soil. Under semiarid conditions 
tebuthiuron was detected in soils during the initial 4 years after 
application (Emmerich et al. 1984, Ibarra and Morton 1984, Sose- 
bee et al. 1979, Clary et al. 1985b), and, in addition, has been found 
in soils as long as 11 years after application (Johnsen and Morton 
1989). So tebuthiuron could be in current year plant tissue as long 
as 11 years after application. 

Because tebuthiuron-treated forage plants may be selectively 
grazed, it is important to know how long after treatment tebuthiu- 
ron and its metabolites can be detected in plants growing on treated 
areas. No studies of tebuthiuron and or its metabolites in plants 
have been reported for periods longer than 4 years. Therefore, the 
objective of this study was to determine how much and how long 
tebuthiuron and its metabolites could be detected in common 
range plants after tebuthiuron application on semiarid southwest- 
ern pinyon-juniper rangelands. 

Methods and Materials 

Study Locations 
The study was conducted at 5 north-central Arizona locations: 

Brushy Mountain, Drake, and Rio Verde were north of Prescott, 
and Indian Flat and Red Mountain were north of Flagstaff (Table 
1). Indian Flat was the highest, coolest, and wettest location, while 
Drake and Rio Verde were the lowest, warmest, and driest loca- 
tions (Table 1). Rainfall at all locations was bimodal, usually 
falling as local thunderstorms in summer and as widespread rain or 
snow storms in winter. Rainfall was not recorded on site during the 
study, but records from nearby weather stations were reviewed to 
identify wet and dry periods. Annual rainfall in 1978, 1980, and 
1983 was wetter than normal; in 1976,1979,1981,1985, and 1986 it 
was drier than normal; and in 1977, 1982, and 1984 it was normal. 

Soils were Mollisols except for the Vertisol at Drake (Table 1). 
Soils were shallow to moderately deep and were underlain by 
basalt and cinders, except that Barkerville soils were underlain by 
granite. The Lynx and Tajo soils contain caliche. 

Pinyon-juniper was the dominant vegetation at all locations 
(Table I). One-seed juniper [Juniperus monosperma (Engelm.) 
Sarg.] dominated at Indian Flat and Red Mountain while Utah 
juniper [J. osteosperma (Torr.) Little] dominated at the older 
locations. Perennial grasses were the main understory plants; black 
grama [ Bouteloua eriopodu (Torr.) Torr.] and sideoats grama [B. 
curtipendula (Michx.) Torr.] predominated at the lower eleva- 

249 



Table 1. Study locations, elevation, annual rainfall, soils, and major plants. 

Soil 

Location Elevation 
Annual 
rainfall Series, texture Classification Major plants 

Brushy 
Mountain 

mm 
1,5& 380 

Drake 1,400 330 

Indian 
Flat 

2,220 430 

Red 1,950 310 
Mountain 

Rio Verde 1,299 340 

Barkerville, 
sandy loam 

Springerville 
clay 

Tajo, loam 

Thunderbird, clay loam 

Thunderbird clay loam 

Barkerville, 
sandy loam 

Lynx, loam 

Loamy, mixed mesic 
shallow 

Udorthentic Haplustolls 
Mollisols 
Fine, montmorillonitic, 

mesic 
Typic Chromusterts 
Vertisols 
Fine-loamy, mixed 

mesic 
Petrocalcic Paleustolls 
Mollisols 
Fine, montmorillonitic, mesic 
Aridic Argiustolls 
Mollisols 
Fine, montmorillonitic, mesic 
Aridic Argiustolls 
Mollisols 
Loamy, mixed, mesic 
shallow 

Udorthentic Haplustolls 
Mollisols 

Fine-loamy, mixed 
mesic 

Cumulic Haplustolls 
Mollisols 

Turbinella 
oak 

Utah juniper Pinyon 

Utah juniper 
Blue grama 
Sideoats grama 
Black grama 
Utah juniper 
Black grama 
Blue grama 
Sideoats grama 
One-seed juniper 
Pinyon 
Blue grama 
One-seed juniper 
Pinyon 
Blue grama 
Utah juniper 
Pinyon 
Turbinella oak 
Sideoats grama 
Black grama 
Utah juniper 
Pinyon 
Sideoats grama 
Blue grama 

tions. Blue grama predominated at the higher locations, but was 
found at all locations. 

Treatments 
Application rates used were experimental, mostly equal to or 

more than the maximum 2.2 kg a.i./ha recommended for range- 
land use, but less than amounts used on non-crop lands or right-of- 
ways. Pelleted tebuthiuron containing 16, 32, and 47% active 
ingredient (a.i.) by weight were applied to points in 2.74- by 2.74-m 
grid patterns at equivalent rates of 2.2, 4.5, and 6.7 kg a.i./ha, 
respectively, on nonreplicated 16.4- by 19.2-m plots at Drake in 
April 1975. 

shears. Grasses were cut to within 2.5 cm of the ground and current 
year top growth kept for assays. All plant materials were placed in 
paper bags and dried in a forced-air drier at 60“ C for 48 hours. The 
dried samples were ground to pass a 4&mesh screen, and stored at 
room temperature in sealed glass bottles. Plants from untreated 
plots were harvested to determine the recovery of tebuthiuron and 
its metabolites in the assays. 

Pelleted tebuthiuron containing 10% a.i. by weight was hand 
broadcast on 5- by 10-m plots in randomized complete block 
studies with 2 replications at Drake, Indian Flat, and Red Moun- 
tain. At Drake, tebuthiuron was applied at 2.0 and 4.0 kg a.i. 1 ha in 
September 1975, April 1977, and August 1977. At Indian Flat, 
tebuthiuron was applied at 4.0 kg a.i./ha in October 1976 and 
August 1977. At Red Mountain, tebuthiuron was applied at 4.0 kg 
a.i./ha in October 1976, May 1977, and August 1977. 

A total of 120 composite samples were collected. Three shrubs, 1 
half-shrub, and 9 perennial grass species were collected. Plant 
material was not uniformly available every year because of dry 
summers, grazing, or dying plants. Only blue grama was collected 
from all 5 locations. Sideoats grama was collected from Brushy 
Mountain, Drake, and Rio Verde. Black grama was collected from 
Drake and Rio Verde. All other species were collected from single 
locations. Eight species were collected at Brush Mountain, 5 at 
Drake and Rio Verde, and 1 at Indian Flat and Red Mountain. 

Assays 

Pelleted tebuthiuron containing 20% a.i. by weight was aerially 
broadcast at Rio Verde and Brushy Mountain. At Rio Verde, 
tebuthiuron was applied at 1.2 and 2.0 kg a.i.1 ha on nonreplicated 
3. l-ha plots and at 4.9 kg a.i./ha on a 2.6-ha plot November 1977. 
At Brush Mountain, tebuthiuron was applied at 0.9,1.8, and 4.6 kg 
a.i./ ha on nonreplicated 8. l-ha plots in May 1979. 

Plant Collections 
Foliage of shrubs, foliage and stems of a half-shrub, and foliage 

and culms of perennial grasses were collected each fall between 
1980 and 1986. Samples were a composite of approximately equal 
amounts of vegetation from a minimum of 10 randomly selected 
plants of a species from throughout the sampled plot at each 
location. Foliage of shrubs was harvested by hand. Current year 
foliage and stems of half-shrubs were cut from the plant with 

Tebuthiuron and its metabolites were extracted from 3-g sam- 
ples taken from the composite samples and assayed following the 
method described by Loh et al. (1978) using a gas chromatograph 
equipped with a flame photometric detector. Tebuthiuron was 
assayed separately from its metabolites. Metabolites I and II, 
N-[5-( l,ldiemethylethyl)-l,3,4-thiadiazol-2-yl-~-methylurea and 
N-[5-(l,ldimethylethyl)-1,3,4-thiadiazol-2-yl]-~-hydroxymethyl- 
N-methylurea, respectively, were assayed together (Loh et al. 
1978). Metabolite III, iV-[S-(2-hydroxy-l,ldimethylethyl)-1,3,4- 
thiadiazol-2-yl]-N,1imethylurea, was assayed separately. Tebu- 
thiuron and metabolite standards were added to untreated samples 
and compared to unknown samples to quantify the amounts of 
tebuthiuron and its metabolites with the aid of a Spectra Physics 
Minigratori. Recovery of tebuthiuron added to untreated plant 
material ranged from 92 to 9990, that of metabolites I and II 79 to 
96%, and that of metabolite III 70 to 79%. The lower detection 

~Mention of tradenames does not indicate endorsement by USDA. 
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Results and Discussion 

Duration 
Tebuthiuron was detected in current season growth of sideoats 

and blue grama 2 to 10 years after application and metabolites of 
tebuthiuron were detected in blue grama 2 to 11 years (Table 2). 
The longest tebuthiuron was detected was in sideoats grama 10 
years after application of 6.7 kg/ha at Drake. The longest tebuthi- 
uron was detected with rates of 2.0 or less kg/ha was in black 
grama and blue grama 7 years after applications at Rio Verde. But 
data for such application rates were limited to 0.9 and 1.8 kg/ ha at 
Brushy Mountain, and 2.0 kg/ ha at Rio Verde, and sampled no 
longer than 6,7, and 9 years after applications, respectively (Table 
2). 

are similar to that with tebuthiuron in soils on the same plots after 
9, 10, and 11 years (Johnsen and Morton 1989). The increased 
concentrations in grasses likely represents increasing tebuthiuron 
available for root absorption due to long-term tebuthiuron 
accumulation in the soil at depths to which moisture penetrated 
(Johnsen and Morton 1989). 

Tebuthiuron 

Concentration Totals 
The highest concentration of tebuthiuron plus metabolites mea- 

sured was 24.5 pg/g in blue grama 10 years after application of 4.5 
kg/ ha at Drake (Table 2). The highest concentrations for sideoats 
grama were 21.1 pg/ g 9 years and 23.5 pg/ g 10 years after applica- 
tion of 6.7 kg/ha, both at Drake. Of 120 samples assayed, only 
these 3 exceeded the 2Opg/g limit for tebuthiuron plus metabolites 
set by the Environmental Protection Agency for forage plants. 

Tebuthiuron was detected in 53 of 54 plant samples collected 5 
years or less after application. A sample of threeawn (Aristida 
spp.) contained no detectable tebuthiuron or metabolites less than 
5 years after application (Table 2). Over all, tebuthiuron was in 
63% of the 120 samples assayed. The highest concentration of 
tebuthiuron detected was 9.2 pg/g in broom snakeweed [ Gutierre- 
zia sarothrae (Pursh) Britt. & Rusby] 3 years after application of 
4.9 kg/ ha at Rio Verde (Table 2). The highest concentrations of 
tebuthiuron detected in sideoats grama was 3.6 pg/g 9 years after 
application of 6.7 kg/ ha, and in blue grama was 2.8 pg/g 3 years 
after application of 4.9 kg/ ha, both at Drake. Tebuthiuron was 
detected in sideoats at 1.7 pg/g and in blue grama at 1.0 pg/g 10 
years after application of 6.7 kg/ ha at Drake (Table 2). 

Only 4% of the 120 samples had concentration totals of 10 pg/g 
or more; 16% had 5 pg/g or more, and 74% had 1 pg/g or more 
(Table 2). On the other hand, no herbicide or metabolites were 
detected in 4% of the samples, and 26% had concentration totals of 
less than 1 pg/g. 

Metabolites 

Concentration varied greatly among rates, locations, and years. 
Concentrations in the plants did not differ significantly with appli- 
cation rates (P = 0.05), perhaps because the herbicide was not 
uniformly dispersed in the soils, and the plants metabolized the 
herbicide. No samples exceeded 10 /*g/g of tebuthiuron plus 
metabolites from applications of 4.0 or less kg/ ha, and only 10% of 
the 80 samples at rates exceeded 5 pg/g (Table 2). 

The trends for increased concentrations of tebuthiuron and 
metabolites in grasses 9 and 10 years after applications (Table 2) 

Metabolites I and II were present whenever metabolites were 
detected. However, metabolite III was detected in only 4 grass 
species, and then only in the 1984 collections. These collections 
represented the 5th, 7th, and 9th years after applications at Brushy 
Mountain, Red Mountain, and Drake, respectively. The main 
difference between 1984 and the other collection years was that in 
1984 rainfall was almost twice the normal amounts in July and 
August, and above average in September. The additional growing 
season rainfall would increase grass growth and metabolic activity, 
thereby increasing metabolic decomposition of tebuthiuron in the 
plants. Thus, the presence of metabolite III in the 1984 collections 
is most likely due to growth conditions rather than duration after 

26 

application. 

0 
0 = BLUE GRAMA 
l = SIDEOATS 

0 0.5 1 1.5 2 2.5 

TEBUTHIURON IN SOIL Kg/ha 
Fig. 1. Association of tcbuthiuron and metabolites concentration totals in sideoats and blue grama with the amount of tebutbiuron in the soil profile. Soils 

data are from Johnsen and Morton (1989). 
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At Brush Mountain, metabolite III was detected 5 years after 
application in blue grama at concentrations of 0.6, 0.6, and 1.1 
pg/g with rates of 0.9, 1.8, and 4.6 kg/ ha, respectively; in sideoats 
gramaat 1.6,0.7,and 1.11.~g/gwithratesof0.9,1.8,and4.6kg/ha, 
respectively; and in weeping lovegrass [ Erugrostis curvulu (Schrad.) 
Nees] at 0.3pg/g with a rate of 4.6 kg/ha. At Red Mountain, 
metabolite III was detected 7 years after application in blue grama 
at a concentration of 0.5 pg/ g with both 4.0 kg/ ha applications. At 
Drake, metabolite III was detected 9 years after application in blue 
grama at concentrations of 1.3, 1.2, and 2.0 pg/g with rates of 2.2, 
4.5, and 6.7 kg/ ha, respectively; in sideoats grama at 2.7, 1.3, and 
5.1 pg/g with rates of 2.2,4.5, and 6.7 kg/ha, respectively; and in 
tobosa grass [ Hilaria mutica Benth.] at 1.8 pg/g with the rate of 6.7 
kg/ ha. 

Sites 
Concentrations in sideoats and blue grama were independent of 

the total amount of tebuthiuron in the soil profile reported by 
Johnsen and Morton (1989) (Fig. 1). This independence might be 
expected as the herbicide would not be uniformly distributed in the 
soil profile, nor would roots be distributed uniformly in the soil, 
and the plants metabolize the herbicide. The plants may metabol- 
ize the herbicide rapidly enough to prevent maximum accumula- 
tion in the plant and, therefore, not reflect the amount of tebuthiu- 
ron in the soil profile. 

Whenever it was detected in the soil, tebuthiuron or its metabo- 
lites were detected in current season growth of the grasses. The 
herbicide was found in the grasses but not in the soil in 25 samples 
and was not detected in the soil when not detected in the grasses 
(Fig. 1). Plants seem to be very efficient in accumulating tebuthiu- 
ron present in small amounts in the soil, and thus might be used to 
determine if tebuthiuron is in the soil, but not the amount present. 
Although there was no significant difference (P = 0.05) between 
soils, only loam and sandy loam soils had grasses which contained 
no tebuthiuron or metabolites (Tables 1 and 2). 

Species Differences 
Generally, there was little difference between concentration 

totals in sideoats and blue grama collected at the same time from 
the same plot (Table 2). Differences could occur because the 
shallower-rooted blue grama could accumulate herbicide soon 
after application before it leached deep into the soil, while the 
deeper-rooted sideoats grama could accumulate more of the herbi- 
cide when it was leached more deeply into the soil. 

Grasses contained less tebuthiuron than metabolite (Table 2), 
and did not accumulate phytotoxic amounts of tebuthiuron. 
Shrubs and the half-shrub often contained more tebuthiuron than 
metabolites, and accumulated phytotoxic amounts of tebuthiuron, 
dying within 4 or 5 years of treatment. These observations agree 
with those of Martin and Morton (1981). 

Conclusions 
This study illustrated that tebuthiuron and its metabolites may 

be detected in current growing season foliage more than a decade 
after application in a semiarid environment. Plants were not 
sampled beyond 11 years after application. How long after applica- 
tion tebuthiuron or its metabolites can be detected in plants under 
semiarid conditions remains uncertain. Generally, concentrations 
of tebuthiuron and its metabolites in plants varied, but were low, 
seldom exceeding the limits set by the Environmental Protection 
Agency for forage, and then only with application rates of 4.5 or 
more kg/ ha. Thus, normal applications of pelleted tebuthiuron at 
rates of 2 kg or less a.i./ha on rangelands did not exceed the 
established tolerance level for tebuthiuron for grazing animals. 
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Correlation of environment and root carbohydrate content 
to picloram translocation in leafy spurge 
RODNEY G. LYM AND CALVIN G. MESSERSMITH 

Abstract 

*4C-picloram (4amino-3,5,6-trichloro-2-pyridinecnrboxc acid) 
absorption and translocation in leafy spurge (Euphorbiu esula L.) 
was evaluated over 2 growing seasons and was compared to 
selected environmental parameters and root carbohydrate content. 
14C-picloram absorption was greatest during the vegetative growth 
shge (52%) and increased directly with relative humidity but was 
not affected by the temperature at treatment. “C-picloram trans- 
location to leafy spurge roots generally was influenced more by the 
plant growth stage than the environment. The greatest transloca- 
tion to roots occurred during the true-flower and seed-set growth 
stages. The water-soluble (monosaccharide and disaccharide) and 
water insoluble carbohydrate content in leafy spurge roots average 
across the growing season varied by depth with the lowest amount 
in the 0- to 8-cm depth, 35 and 53 mg/g, and the most in the 16- to 
24-cm depth 84 and 221 mg/g, respectively. 14C-picloram translo- 
cation to leafy spurge roots was independent of either carbohy 
drate fraction when evaluated over the entire growing season. 
However, 14C-picloram content increased when the water-soluble 
fraction increased during the true-flower growth stage. 14C- 
picloram translocation to the roots did not increase in the fall, in 
contrast to the general hypothesis that herbicides move with pho- 
tosynthates to the roots. 

Key Words: sucrose and herbicide movement, Euphorbia esula, 
temperature, relative humidity, photosynthate flow, herbicide 
absorption, herbicide translocation 

Picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid) is 
the most effective and commonly used herbicide for leafy spurge 
(Euphorbiu esulu L.) control (Lym and Messersmith 1985b). 
Generally, picloram is most effective when applied during the 
true-flower growth stage in mid-June or during regrowth in fall 
from late August until a killing frost occurs in October (Fig. 1). 

Picloram at 1.1 to 2.2 kg ae/ ha normally provides 70 to 90% 
leafy spurge control for 18 to 24 months in North Dakota (Lym 
and Messersmith 1985b). Control from picloram can be inconsist- 
ent, however, and has given only 5% or less control 2 months after 
application even when properly applied at 2.2 kg/ha (Lym and 
Messersmith 1985a). 

Relative humidity and air temperature can affect picloram activ- 
ity in leafy spurge (Lym and Messersmith 1987). W-picloram 
absorption increased from 11 to 34% and translocation to shoot 
and roots increased from 5 to 21% when applied at high (90 to 95%) 
compared to low (20 to 30%) relative humidity, when relative 
humidity remained high at least 24 h after treatment (Moxness and 
Lym 1989). Absorption and translocation were similar when leafy 
spurge was preconditioned at high or low temperatures (30/ 18 or 
18/ 10” C day/night) for 48 h prior to treatment and was not 
influenced by post-treatment temperature. However, picloram 
absorption and translocation increased when the temperature 
increased 6 or 12’ C 24 h before treatment but decreased or 
remained constant when the temperature declined prior to treat- 

Authors are associate professor and professor, Crop and Weed Sciences Depart- 
ment, North Dakota State University, Fargo 58105. 

Published with approval of the Director, Agricultural Experiment Station, North 
Dakota State University as Journal Article No. 1904 

Acknowledgements: Dow Chemical Co. provided partial financial support and the 
“C-picloram; Katheryn Christianson provided technical support. 

Manuscript accepted 22 July 1990. 

MAY ’ JUNE JULY AUGUST SEPTEMBER 

Fig. 1. General leafy spurge control with picloram in North Dakota. 

ment (Lym and Messersmith 1990). 
Leafy spurge root water-soluble carbohydrate content varies 

inversely with changes in the air temperature (Lym and Messer- 
smith 1987). Soluble carbohydrate content increased as the mean 
temperature decreased and declined as the mean temperature 
increased, but was independent of a specific temperature. The 
photosynthate flow in leafy spurge apparently is affected quickly 
by changes in air temperature, and this relationship may influence 
herbicide translocation. Thus, the occasional poor control from 
picloram may be due to application during periods of adverse 
environmental conditions and/ or when low amounts of photosyn- 
thates are translocated to leafy spurge roots. 

The purpose of this research was to evaluate picloram absorp- 
tion and translocation in leafy spurge as affected by growth stage, 
temperature, relative humidity, and root carbohydrate content in 
the field. The root carbohydrate content at various depths during 
the growing season also was evaluated. 

Materials and Methods 

Roots of leafy spurge (accession 1984 ND 001)’ were taken from 
a natural infestation near Fargo, N.Dak., and were divided into 
15-cm segments. The segments were planted into 22-cm diam by 
34-cm deep pots containing a mixture of peat, perlite, and vermicu- 
lite. The pots were buried 28 cm deep in a field on the North 
Dakota State University Experiment Station, Fargo, in July of 
1983 and 1985. The plants were watered as needed and were 
fertilized using a water-soluble fertilizer with a ratio of 23: 19:17 
N:P:K at 110 kg N/ha. Pots were left in place and plants were 
grown until the following growing season. 

W-picloram was applied weekly from mid-May until mid- 
October in 1984 or 1986. One leaf, midway on the stem of each 
plant, received 5 ~1 of 0.15% (v/v) nonionic surfactantz in Hz0 
applied to 1 cm2 of leaf followed immediately by 850 Bq of uni- 
formly pyridyl-ring-labeled picloram (specific activity 624 
MBq/mmole)) in 10 ~1 of 70% (v/v) ethanol followed by an addi- 
tional 5 ~1 of surfactant to maximize absorption. A plastic-covered 

IRegistry of leafy spurge accessions maintained by David G. Davis, USDA Bioscien- 
ces Research Laboratory, Fargo, N.D. 58105. 
%wfactant WK (dodecyl ether of polyethylene glycol), E.I. duPont de Nemours and 
Co., Wilmington, Del. 
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Fig. 2. W-picloram absorption by leafy spurge averaged over 2 growing seasons. 

cage was placed over the plant during treatment until the surfac- 
tant had dried. The cage was left in place if the sky was overcast and 
rain was forecast within the next 24 h. Plants were not protected 
from rain thereafter. 

Plants were harvested 72 h after treatment and were sectioned 
into the treated leaf, stem, and leaves both above and below the 
treated leaf, and roots. The roots were subdivided by depth from 
O-to 8-, 8-to 16-, 16-to 24, and 24 to 32-cm and were washed and 
frozen immediately. The treated leaf was rapidly dipped 10 times 
into 15 ml of scintillation fluid ‘A’ {[ 1: 1, v/v, toluene:ethanol plus 5 
g/L PPO (2,5-&phenyloxazole)] and 0.5 g/L dimethyl-POPOP 
[ 1,4-his-2-(4methyl-Sphenyloxazolyllbenzene} to remove unab- 
sorbed %-herbicide. 

Plant sections were dried at 60° C for 24 h, and root and shoot 
sections were ground in a Wiley mill (No. 10 mesh) and weighed. 

Root samples were divided equally for either 14C or carbohydrate 
analyses. The treated leaf and 2 or more 120 to 1%mg root or 
shoot subsamples equaling at least 10% of the sample weight were 
each combusted in a biological materials oxidizer (BMO). The 
r4COs was collected in 15 ml of scintillation fluid ‘B’( 10:7:3, v/v/v, 
toluene:2-methoxyethanol:ethanolamine plus 5.0 g/L PPO and 
0.5 g/L dimethyl-POPOP). Samples were assayed using liquid 
scintillation spectrometry. 

BMO efficiency was determined using methyl-*%I-methacrylate 
and liquid scintillation counting efficiency was determined using 
an external standard ratio. Root buds were initially analyzed 
separately but the data have been combined with the appropriate 
root section for this report. The experiment was a randomized 
complete block design with 4 replications. 
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Fig. 3. 14C-picloram translocation to leafy spurge top growth and roots averaged over 2 growing seasons. 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 



Carbohydrate Analysis carbohydrate content to picloram absorption and translocation. 
Water-soluble carbohydrates were extracted from 200-mg root 

samples in water at 27O C for 1 h. Samples were filtered, and 
residue was saved for insoluble carbohydrate content determina- 
tion. The water extract was diluted to 100 ml, and a 1.5-ml aliquot 
was centrifuged at 16,000 rpm for 3 min to precipitate proteins. 
Water-soluble carbohydrates were determined calorimetrically by 
adding l-ml of 20% (v/v) phenol and 5-ml concentrated sulfuric 
acid to a 0. I-ml aliquot of extract and incubating 20 min at 27O C as 
described by Dubois et al. (1956). 

Results and Discussion 

W-picloram 

Insoluble carbohydrates were extracted by placing the residue in 
15-ml distilled water and boiling for 5 min followed by adding 
IO-ml 0.5% amyloglucosidase buffered to pH 4.9, and incubating 
at 38’ C for 36 h (Smith 1981). Insoluble carbohydrates were 
determined colorimetrially as previously described. Total non- 
structural carbohydrates (TNC) were calculated by adding the 
amount of soluble and insoluble carbohydrate for each sampling 
date. Carbohydrate analyses were repeated, but too little root 
material remained from the 24- to 32-cm depth for accurate 
analysis. 

Statistical Analysis 

*JC-picloram absorption was similar throughout most of the 
growing season and averaged 36% except during summer dor- 
mancy when absorption declined to 14% (Fig. 2). Maximum 
absorption averaged 52% and occurred during the vegetative 
growth stage when the plant began growth in the spring. Generally, 
14C-picloram remains as the parent acid in leafy spurge gSS%) 
(Lym and Moxness 1989) so the 14C recovered will be referred to as 
picloram. 

The relationship between *4C-picloram absorption and translo- 
cation and the temperature and relative humidity at time of treat- 
ment, maximum and minimum air temperature, and mean air 
temperature observed for 6 consecutive days (sampling day and the 
previous days, e.g., Day 0 + I,0 + 1 + 2, etc.) were estimated by 
computing correlation coefficients. The relationship between the 
root carbohydrate and picloram content were also estimated. 

Absorption of picloram increased directly with the relative 
humidity with a partial correlation coefficient of 0.59 and 0.40 in 
1984 and 1986, respectively (Table l), which agrees with previous 
research results from growth chamber experiments (Moxness and 
Lym 1989). However, picloram absorption was not affected by the 
temperature at time of treatment or the maximum temperature 24 
and 96 h before treatment in the field. This finding contrasts with 
previous research conducted in the growth chamber in which 
absorption increased or decreased directly by a 1: 1 ratio with each 
lo C change in temperature 24 h before treatment (Lym and 
Messersmith 1990). 

Environmental data were obtained either on site during treat- 
ment or from the National Weather Service in Fargo, N.D., 
located about 1 km from the research site (temperature and relative 
humidity data prior to treatment). The data were analyzed using 
correlation and stepwise regression procedures (SAS/ STAT User’s 
Guide 1990) to determine the relationship of environment and root 

The amount of IV-picloram in leafy spurge topgrowth was 
greatest when the herbicide was applied during the vegetative 
growth stage, averaging 26,000 dpm/g (Fig. 3). The amount of 
IqC-picloram translocated to the topgrowth declined rapidly (4,000 
dpm/g) when leafy spurge began to form flower buds. Less *4C- 
picloram (775 dpm/g) translocated to the topgrowth during 
summer dormancy than any other growth stage. There was a small 
increase when picloram was applied during fall regrowth before the 
amount again declined to its lowest level. 

The amount of picloram in the above and below treated leaf 
sections generally was not influenced by the temperature or relative 

Table 1. Partial comlation of W-pi&ram absorption and trenslocatlon with various environmental parameters in the field. 

W-piclomm 

Temperature when 
treated 

1984 1986 

Relative humidity 
when treated 

1984 1986 

High temperature before treatment 
24 h before 96 h before 

1984 1986 1984 1986 

Absorbed (%) 
___-o_~b________________________~__~~~~~~~~~(r’)---------~~~~~~~________________~~~~~~~---- 

0:u 
-0.07 0.59 0.40 0.13 0.05 0.14 0.08 

Probability 0.76 0.01 0.07 0.59 0.83 0.56 0.73 
Above treated 
leaf (dPm/gm) -0.08 -0.29 0.26 0.19 o.or -0.37 0 -0.51 

Probability 0.77 0.19 0.35 0.42 0.94 0.10 0.99 0.02 
Below treated 
leaf (dPm/gm) 0.03 0.15 0.20 -0.50 -0.04 0.01 0.26 -0.24 

Probability 0.92 0.51 0.46 0.12 0.88 0.95 0.29 0.30 
Root 0 to 8 cm 
depth (dPm/gm) 0.08 0.04 0.15 -0.20 0.12 0.23 0.34 0.24 

Probability 0.76 0.87 0.56 0.40 0.64 0.3 1 0.15 0.31 
Root8tol6cm 
depth tdPm/gm) 0.05 0.12 0.32 -0.17 0.16 0.36 0.41 0.38 

Probability 0.83 0.59 0.20 0.46 0.50 0.11 0.08 0.09 
Root 16 to 24 cm 
depth (dpm/gm) 0.17 0.32 0.20 0.11 0.26 0.44 0.53 0.50 

Probability 0.51 0.16 0.42 0.64 0.29 0.05 0.02 0.02 
Root 24 to 32 cm 
depth (dpm/gm) 0.20 0.41 0.09 0.04 0.27 0.58 0.54 0.59 

Probability 0.42 0.07 0.74 0.85 0.27 0.01 0.02 0.01 

Root 32 to 40 cm 
depth (dPm/gm) 0.32 0.45 0.13 -0.11 0.41 0.68 0.63 0.60 

Probability 0.20 0.04 0.62 0.63 0.08 0.01 0.01 0.01 

‘Partial correlation coefficient for W-picloram and environmental parameter with time held statistically constant. 
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Fig. 4. Water-soluble (A) and insoluble (B) carbohydrate content of leafy spurge roots at 3 deptbs averaged over 2 growing seasons. 

humidity at time of treatment, or the maximum temperature 24 or 
96 h before treatment (Table 1). The only exception occurred in 
1986 when the amount of picloram in the above treated leaf section 
was inversely correlated with the temperature 96 h before treatment. 

The pattern for picloram translocation to leafy spurge roots was 
similar for all 4 depths regardless of growth stage so that data were 
combined (Fig. 3). In general, the amount of picloram translocated 
to the root system was influenced more by the leafy spurge growth 
stage than the short-term environmental changes and was similar 
to the expected pattern based on long-term control in the field (Fig. 
1 and 3). The maximum picloram translocation to the roots (14,500 
dpm/g), occurred during the late-flowering and seed set growth 
stages in late June. The amount declined steadily (1,300 dpm/ g) 
during summer dormancy before increasing during fall regrowth. 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 

No consistent correlation was shown between temperature or 
relative humidity and the amount of picloram translocated to the 
roots regardless of depth (Table 1). However, there was a positive 
correlation (>O. 10) both years between the high temperature 24 h 
before treatment and picloram in the roots at a depth of 32- to 
4O-cm and between the high temperature 96 h before treatment and 
all depths except 0 to 8 cm. Temperature prior to treatment 
appears to directly influence the depth of W-picloram transloca- 
tion through the root system even though it affects neither absorp- 
tion nor the total amount of herbicide translocated. 

Correlation with Carbohydrates 
The carbohydrate concentration in leafy spurge roots varied by 

depth with the lowest amount in the 0- to 8-cm (35 and 53 mg/g) 
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depth and the most in the 16-to 24-cm (84 and 220 mg/g) depth for 
the water-soluble and -insoluble carbohydrates, respectively (Fig. 
4A and 4B). In early spring during vegetative regrowth, nearly all 
the TNC content within I depth of leafy spurge roots was equally 
distributed between soluble and insoluble carbohydrates, but 
insoluble carbohydrates predominated after flowering. These con- 
centrations are similar to samples collected in the field when the 
4-yr average TNC concentration in the 0- to 1 S-cm depth reached 
maximum levels of 300 mg/ g but declined to 190 mg/ g or less late 
in the growing season (Lym and Messersmith 1987). 

Picloram translocation to the leafy spurge root system was 
independent of the water-soluble and -insoluble root carbohydrate 
content when evaluated over the entire growing season, regardless 
of depth (Table 2). Auxin herbicides often are considered to flow 

Table 2. Correlation of the water-soluble and water-insoluble nonstructu- 
ral carbohydrate content and 14C-picloram in leafy spurge roots 72 h 
after treatment averaged over 2 yr. 

Growth stage 
and root depth 

All season 
Oto8cm 
Probability 
8 to 16cm 
Probability 
16to24cm 
Probability 

True-flower 
Oto8cm 
Probability 
8 to 16 cm 
Probability 
16to24cm 
Probability 

Fall regrowth 
Oto8cm 
Probability 0.37 0.47 
8 to 16cm -0.16 a.03 
Probability 0.71 0.94 
16 to 24 cm -0.63 -0.59 
Probability 0.10 0.12 

Carbohydrate type 
Water-soluble Water-insoluble 
____________(r”)_____________ 

-0.15 a.32 
0.50 0.14 
0.03 -0.19 
0.89 0.40 

-0.28 -0.33 
0.20 0.14 

0.78 0.60 
0.07 0.21 
0.95 0.56 
0.01 0.24 
0.45 a.34 
0.31 0.59 

-0.37 0.30 

‘Partial correlation coefficient for carbohydrate and environmental parameter with 
time held statistically constant. 

with the photosynthate (Crafts and Robbins 1962) but this does 
not appear to be true with leafy spurge, at least over the entire 
growing season. However, it may be that picloram translocation is 
aided by photosynthate flow during the peak flow of picloram to 
the root system during flowering. 

Picloram and carbohydrate content in the 3 sections of roots 
were analyzed separately during the true-flower and fall regrowth 
stages only. The picloram content increased at the same time the 
water-soluble fraction increased during the true-flower growth 
stage with a correlation coefficient of 0.78 and 0.95 at the 0- to 
g-and 8- to 16cm depths, respectively (Table 2). However, piclo- 
ram translocation was independent of the soluble carbohydrate 
content at the 16-to 24cm depth and with the insoluble carbohy- 
drate fraction at all depths. 

Despite a large increase in the movement of soluble carbohy- 
drates to the roots in the fall, there was no increase in 14C-picloram 
translocation (Fig. 3 and 4A, Table 2). This is in contrast to the 

general hypothesis that herbicides move with the photosynthates 
as they are stored for overwintering in the fall (Crafts and Robbins 
1962, Mitchell and Brown 1946). Although some herbicides such as 
glyphosate a [N-(phosphonomethyl)glycine] translocate at rates, 
direction, and with distribution pattern similar to sucrose, others, 
especially phenoxy-acids such as 2,4-D, differ from sucrose in both 
distribution rate and pattern (Martin and Edgington 1981). 

Physiological factors other that carbohydrate movement and air 
temperature influence picloram movement in leafy spurge. Phenoxy- 
acid herbicides appear to move in a free state, i.e., not chemically 
bound to sugars, and may reduce their own movement by inhibit- 
ing energy-requiring processes associated with translocation, by 
initiating sinks in mature leaves thereby altering the direction of 
movement, or from blockage by physiological barriers not present 
in early summer growth (Robertson and Kirkwood 1970). Trans- 
location of picloram may be affected by similar physiological 
processes since it is an acid herbicide with auxin activity similar to 
the phenoxy-acid herbicides. 

The optimum timing of picloram application for maximum 
translocation to the roots is during the true-flower growth stage 
and to a lesser extent during fall regrowth. Within these applica- 
tion periods, treatment should be made during periods of high 
humidity (Table 1 and Moxness and Lym 1989). Air temperatures 
seems to be less important than relative humidity although applica- 
tion during a cool period immediately following a few days of hot 
weather may increase picloram translocation to the roots and thus 
increase control slightly (Table 1 and Lym and Messersmith 1990). 
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Grazing systems, stocking rates, and cattle behavior in 
southeastern Wyoming 
K.W. HEPWORTH, P.S. TEST, R.H. HART, J.W. WAGGONER, JR., AND M.A. SMITH 

Abstract 

Grazing systems and stocking rates are used to influence live- 
stock grazing behavior with the intent of improving livestock and 
vegetation performance. In 1982, a study was initiated to deter- 
mine effects of continuous, rotationally deferred, and short- 
duration rotation grazing and moderate and heavy stocking rates 
on steer gains, range vegetation, and distance traveled by and 
activity patterns of steers. Steers were observed from dawn to dark 
on 12 dates during 1983, 1984, and 1985, and activity recorded 
every 15 minutes. Eight steers per treatment (system X stocking 
rate combination) per date were observed in 1983 and 1984, and 10 
per treatment in 1985. In 1984 and 1985, map locations of all steers 
were recorded at the same times as activity, and distance traveled 
summed from distances between successive map locations. In 1984, 
activity of 3 steers per treatment was electronically monitored 
during darkness. Steers grazed approximately 8.6 hr per day dur- 
ing daylight and 1.6 hr during darkness. Steers grazed an average 
of 8.9 hr/day during daylight under moderate vs 8.1 hr under heavy 
stocking, but stocking rate interacted with date in 1984 and grazing 
system in 1985. Steers traveled farther under continuous than 
under short-duration rotation grazing at both stocking rates in 
1984, but only at the high stocking rate in 1985. Steers had to travel 
farther to water in the continuous pastures, and may have had to 
cover a greater area in an effort to select a more desirable diet, 
particularly under heavy stocking. These differences were not 
reflected in differences in gain among stocking rates or grazing 
systems. 

Key Words: rangelands, beef steers, grazing behavior, grazing 
systems 

Rotation grazing systems were developed to improve livestock 
performance and range condition (Sampson 1913, Merrill 1954, 
Hormay and Talbot 196 1). Short-duration rotation grazing, more 
popularly called the Savory Grazing Method, claims to permit a 
doubling in stocking rate without a negative effect on livestock 
performance and with an improvement in forage production and 
range condition (Savory 1988). The claims put forth for the Savory 
Grazing Method have seldom been supported by research (Gam- 
mon 1984, Blackburn 1984, Heitschmidt 1986, Hart et al. 1988). 

Much of the interest in grazing systems has focused on animal 
performance and range condition, but grazing systems also affect 
livestock grazing behavior. Behavior is the sum of an animal’s 
reaction to its environment and its physiology, and may ultimately 
influence performance (Balph and Balph 1986). Pasture size, dis- 
tance to water, animal density, and length of grazing period influ- 
ence livestock behavior (Valentine 1947, Arnold and Dudzinski 
1978, Ganskopp and Vavra 1987), and can be manipulated through 
the grazing systems discussed above. Grazing distribution, forage 
selection (plant parts, specific plants, and sites) and feeding behav- 
ior (bites/feeding station, steps between stations, daily distance 
traveled, and activity patterns) may be influenced by grazing sys- 
tems and ultimately may impact animal performance and range 
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Wyoming, Laramie 82071; range scientist, USDA Agricultural Research Service, 
Cheyenne, Wyo. 82009; and animal nutritionist, Animal Science Dept., and associate 
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condition (Olson and Malechek 1988, Walker and Heitschmidt 
1989). 

In 1982 a planned 12-year grazing system and stocking rate study 
using cattle (Eos raurus) was initiated at the USDA’s High Plains 
Grasslands Research Station west of Cheyenne, Wyo. The main 
objective of the study was to determine the effects of 3 grazing 
systems (continuous, rotationally deferred, and shortduration 
rotation) and 2 stocking rates (moderate and heavy) on steer gain 
and vegetative responses; results during the first 6 years (1982-87) 
were reported by Hart et al. (1988). However, the time steers devote 
to various activities and the distance they travel may explain the 
differences seen in gain and vegetation. The study reported in this 
paper was designed to test 3 hypotheses: (1) steers travel farther 
and spend more time grazing under heavy stocking, as increased 
utilization makes it more difficult for them to meet their nutrient 
requirements; (2) steers do not travel as far under short-duration 
rotation grazing, where pastures are subdivided into smaller pad- 
docks; and (3) steers do not graze for a significant amount of time 
at night. 

Methods 

Study Area 
The High Plains Grasslands Research Station is located approx- 

imately 10 km northwest of Cheyenne, Wyo. The area experiences 
wide daily and seasonal temperature fluctuations with the average 
growing season being 127 days. West winds predominate, blowing 
downslope off the Laramie Range. The climate is semi-arid; 
1871-1984 average annual precipitation was 389 mm at nearby 
Cheyenne. The majority (7%) of precipitation comes as wet snow 
and rain from April through September with May and June being 
the wettest months. Precipitation during the 3 years of the study 
was 151, 131, and 94% of normal (Hart et al. 1988). 

Rolling hills of mixed grass prairie dominate the landscape at an 
elevation varying between 1,910 and 1,950 m. Dominant soils are 
Ascalon and Altvan loams (mixed, mesic, Aridic Argiustolls), 
Cascajo gravelly loam (a mixed, mesic, Aridic Calciorthid), and 
Larim Variant gravelly loam (a mixed, mesic, Ustollic Haplargid). 

Vegetation is dominated by grasses. Western wheatgrass (Pas- 
copyron smithii Rydb.) and needleandthread (Stipa comata Trin. 
and Rupr.), cool-season mid-grasses, are considered decreasers. 
Blue grama (Bouteloua grucilis (H.B.K.) Griffiths) and buffalo- 
grass (Buchloe ductyloides) (Nutt.) Engelm.) are increasers. These 
species contribute the majority of forage available to cattle 
(Samuel and Howard 1982). Forage production was 1,670 kg/ ha in 
1983, 1,140 in 1984, and 1,040 in 1985. 

Cattle Management Practices 
Three grazing systems were compared in this study: 
(I) Season-long or continuous with no pasture subdivisions. 
(2) Rotationally deferred with a different quarter of each pas- 

ture deferred each year until I September; then all 4 quarters were 
grazed until steers were removed from the pastures in October. 

(3) Short duration rotation with each of 8 pasture subdivisions 
or paddocks grazed in rotation. These steers were rotated from 
paddock to paddock on a fixed schedule in 1983 and 1984. Each 
paddock was grazed for 3 days at the beginning of the season, and 
the grazing period was increased to 7 days by the end of the season. 
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In 1985 the grazing periods varied from 2 to 11 days depending on Mean separations were performed with Duncan’s multiple range 
forage growth rate and availability. test as appropriate. Significance is at the P<O.O5 level. 

Two stocking rates were used, moderate (4 steer/ 12 ha) and 
heavy (4 steers/9 ha) in 1983 and 1984. The moderate stocking rate 
was approximately the SCS (1986) recommended rate for the 
condition of the sites; the heavy SR was approximately 33% 
higher. In 19855 steers were stocked on each moderate or heavy 
pasture. 

Results and Discussion 

Animal Grazing Activity 

A randomized block design with 2 replications was used. The 
factor blocked was topography; the first replication was on a 
steeper, predominantly north slope (O-l 5%) while the second repli- 
cation was on a more nearly level (O-6%) southern exposure. 

Steers spent significantly more time grazing under moderate 
than under heavy stocking in 1983 and in June and August 1984, 
but there were no differences between stocking rates in July 1984 
(Table 1). The only case in which steers spent more time grazing 

Table 1. Grazing and resting times of steers; effects of stocking rates, 
grazing systems, and dates, 1983-1985. 

Steers used were of Hereford-Angus-Simmental or Hereford- 
Angus-Charolais breeding. Initial average steer weights were 292 
kg in 1983,245 in 1984, and 249 in 1985. 

Steers were weighed at the beginning of the grazing period and 
every 2 weeks thereafter. Weights were obtained following an 
overnight shrink period (no food or water) for 15 to 16 hours. 
Further details of experimental design and management can be 
found in Hart et al. (1988). 

Animal Grazing Activity 
Steer activity was observed from 1983 through 1985. Pastures 

were close enough that 1 person could watch the steers in 2 pastures 
at a time. In 1983 only 1 replication was done per day so it took 2 
days to do both replications; observation dates were 19 and 22 July 
and 5 August, 9 and 12 August, 15 and 18 August, and 23 and 26 
August. In 1984 and 1985 both replications were observed on the 
same day, on 27 June, 18 July, and 16 August 1984, and 14 June, 17 
July, 15 August, and 19 September 1985. 

Stocking 
rate 

Moderate 
Heavy 

Moderate 
Heavy 
Mean 

____1985____ 
________1984_______- SD 

27 18 16 Continu- rota- 
1983 June July August llous tion 

_____________ Gra~ing,h~/day__----------- 

9.5 a 8.9 a 8.5 ab 8.2 b 8.6 b 8.8 b 
7.3 b 8.2b 8.8a 7.4 c 9.6 a 8.5 b 

___________--R~ting,hr/day__----------- 

7.2b ___ ___ ___ 6.5 a 6.2 ab 
7.7a ___ ___ ___ 5.6 b 6.5 a 

7.2 a 7.2 a 5.3 b 

Observation periods began at first light and ended when it was 
too dark to see cattle clearly, from approximately 30 min before 
sunrise to 30 min after sunset. Activity of each steer in each pasture 
was recorded at 15-minute intervals and categorized as grazing, 
resting, or traveling. Locations of each steer at each interval were 
plotted on scaled maps. 

“%mes within the same year and activity, followed by the same letter, are 
not significantly different (p>O.OS). 

under heavy than moderate stocking occurred in 1985 under con- 
tinuous grazing; under short-duration rotation grazing, no differ- 
ences between stocking rates were observed. Resting time, as 
expected, was inversely related to grazing time, except in 1984 
when no differences between stocking rates were observed on any 
date. 

In 1984, we monitored night-time activity of steers from 1900 to 
0700 the following morning (standard time), using Telonics tip- 
switch radio collars and a chart graph recorder. The recorder 
graphed signal strength and pulse rate or period. Signal strength 
varied with the movement of the steer while the period changed 
from shorter to longer as the steer lowered his head to graze. 
Activity of 1 steer per pasture in replication 1 was monitored from 
13 to 16 August and from 20 to 24 August, and of 1 steer per 
pasture in replication 2 between 4 and 11 September 1984. We tried 
to monitor 2 steers per night but this was not always possible 
because of equipment failure. A more intensive study design was 
planned for 1985, but equipment failure early in the summer halted 
night work shortly after it began. 

The marginal value theorem of Charnov (1976) postulates that a 
predator or grazer stops feeding in a “patch*‘when it can no longer 
meet its food needs efficiently in that location. Our results suggest 
that, under heavy stocking, a grazer may stop feeding entirely when 
it has consumed enough food to meet requirements for mainte- 
nance and some growth, because consuming more food for more 
growth would be energetically inefficient. 

Only in 1984 did date have an impact on grazing or resting time. 
Steers spent less time resting and, under heavy stocking, less time 
grazing in August than in June or July. This did not seem to be 
related to shorter days, as no differences between dates were noted 
in 1985 when the last observations were taken 19 September, when 
days were even shorter. Grazing system affected grazing and rest 
time only in 1985 at the heavy stocking rate, when steers spent more 
time grazing and less time resting under continuous than under 
short-duration rotation grazing. 

Distance traveled was obtained in 1984 and 1985 by totaling 
distances between successive observations throughout the day as 
plotted on scaled maps. No data from rotationally deferred pas- 
tures were obtained in 1985. 

Time per day spent in each activity and travel distances were 
analyzed using standard ANOVA techniques for a split-plot design 
with 2 replications and 4 (1983 and 1984) or 5 (1985) samples within 
an experimental unit (pasture). Each year was analyzed separately, 
because different cattle were used each year, and cattle numbers 
and sampling dates varied among years. Dates within a year were 
handled as main treatments, with stocking rates and grazing sys- 
tems as sub-treatments. 

All 18 monitored steers continued grazing later than 30 minutes 
after sunset (when visual observations ceased), for an average of 37 
min. Two of the 18 began grazing earlier than 30 minutes before 
sunrise (when visual observations began), for 10 and 45 minutes. 
Steers grazed an average of 3 hr and 36 min from 1900 to 0700, with 
no significant differences among grazing rates or systems. How- 
ever, this time includes daylight hours between dawn and 0700 and 
between 1900 and darkness. 

Time spent in each activity at night was analyzed as a random- 
ized block with 3 blocks (rep 1,13- 16 August; rep 1,20-24 August; 
and rep 2,4-l 1 September). Rep and date effects were confounded 
within blocks. 

Whether steers graze for a significant time during the night 
depends on the definition of “night grazing”. If we exclude from the 
definition grazing which represents a late ending or an early begin- 
ning of the last and first periods of daytime grazing, respectively, 
then very few steers grazed for long and some did not graze at all 
during the night. 

In 1984, 12 of the 18 monitored steers engaged in true “night- 
time grazing”, i.e., grazing that did not continue from or into a 
daytime grazing period. Nine steers grazed for 1 period during the 
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night, and 3 steers grazed for 2 periods. Average length of time 
spent grazing among these 12 steers was 1 hr and 28 min; when all 
18 steers were included in the calculations, average grazing time 
was 58 min. When grazing time immediately after nightfall and 
immediately before daybreak is added, mean total grazing time 
during darkness equalled 98 min or 1.6 hr. Again, no differences 
were detected among stocking rates or systems. 

Arnold and Dudzinski (1978) discussed the importance night 
monitoring might play in detecting total time spent in various 
activities. Stockdale and King (1983) along with Bjugstad and 
Dalrymple (1968) found cattle did not spend a significant amount 
of time grazing at night. However, Hull et al. (1960), Dwyer (1961), 
Gary et al. (1970), and Stricklin et al. (1976) found that cattle did 
graze at night. 

Average grazing time (day plus night) was 10.2 hr/da, compara- 
ble to times reported in other studies. Heifers on crested wheat- 
grass (Agropyron desertorum [Fisch.] Schult. and A. cristatum 
[L.] Gaertn.) grazed 10.7 hr/da under short-duration grazing and 
9.8 hr/da under season-long grazing (Olson and Malechek 1988). 
But calves on perennial ryegrass (Loliumperenne L.) grazed longer 
under continuous grazing, 8.9 hr/da vs 7.8 hr/da under strip- 
grazing (Jamieson and Hodgson 1979a and b). Grazing time of 
yearling steers on Asiatic bluestem (Bothriocloa ischaemum [L.] 
Keng. and B. caucasica[Trin.] C.E. Hubb.) decreased from 10.5 to 
9.5 hr/da as herbage mass increased from 2 to 4.5 tonnes of organic 
matter per ha (Forbes and Coleman 1987). Dry cows on Setaria 
anceps grazed 10.5 hr/da (Chacon and Stobbs 1976). 

Travel Time and Distance 
Average travel time was 35 min or 0.6 hr/day, with no significant 

differences among stocking rates, grazing systems, or dates. Travel 
time was highly variable, perhaps because considerable travel 
could occur in the 15 minutes between observations. For example, 
steers could travel to or from water in most of the pastures within 
15 minutes, and escape observation entirely. However, changes in 
location between successive observations enabled us to estimate 
travel distance even when travel was not observed. 

In 1984 steers traveled farther under continuous or rotationally 
deferred than under short-duration rotation grazing (Table 2). In 
Table 2. Distances travelled by steers; effects of stocking rates and grating 

systems, 1984 and 1985. 

System 

Continuous 
Short duration rotation 
Rotationallv deferred 

________ 1985________ 

Moderate Heavy 
1984 stocking stocking 

-~__~-__~-_~~/~~y~-_~~-~~~-- 

3.0 a 2.4 ab 2.1 a 
1.8 b 2.1 bc 1.7c 
2.9a ___ ___ 

‘.bMleans in the same year, followed by the same letter, are not significantly different 
(F70.05). 

1985, steers traveled farther under continuous than under short- 
duration rotation grazing at heavy but not at moderate stocking. 
Travel distance apparently was related to pasture size. Continuously 
grazed pastures were 8 times as large as short-duration rotation 
paddocks, and rotationally deferred pastures were 6 (during def- 
erment) or 8 times (after the deferred quarter was opened) as large 
as short-duration rotation paddocks at the same stocking rate. 

Although steers traveled approximately 1 .O km/day farther 
under continuous than under short-duration rotation grazing, this 
difference was not reflected in any difference in steer gain. Cook 
(1970) reported that Brody (1945) calculated a net energy require- 
ment of 33 to 35 kilocalories per 100 lb of body weight for a grazing 
animal to walk a mile, and that Clapperton (1964) calculated a 
requirement of 39 to 41 kilocalories per 100 lb per mile. This 

equates to an average figure of 51 kilocalories/ km of travel/ 100 kg 
of body weight. Garrett et al. (1959) reported that steers gaining 
about 2 pounds/day required about 1900 kilocalories per pound 
gain, equal to about 4200 kilocalories/ kg of gain. Thus the differ- 
ence of 1 .O km in travel between the 2 systems, on steers weighing 
an average of 353 kg over the 2 grazing seasons, would be equival- 
ent to a difference of 43 g of average daily gain, a difference too 
small to detect in this study. 

This conclusion is supported by Walker et al. (1989), who calcu- 
lated that the energy cost of grazing and travel accounted for only 
0.44 and 0.15% of the variation in simulated weight change in cows 
and calves, respectively. However, Hart et al. (1989) noted that 
cows which had to travel a maximum of 5.6 km to water under 
continuous grazing gained 0.16 kg/day less than cows which had to 
travel no more than 1.6 km to water under continuous or short- 
duration rotation grazing. Thus distance to water had a significant 
impact on gains while grazing system did not. 

In conclusion, steers generally spent less time grazing under 
heavy than under moderate stocking; this was reflected in lower 
gains under the former. This suggests that decreased grazing time 
might serve as an early warning of overstocking, but the difference 
between the 2 stocking rates averaged only 0.7 hr per day, and 
varied somewhat among grazing systems, years, and dates within 
years (Table 1). Grazing systems had no consistent effect on graz- 
ing time. 

Steers did not travel as far under short-duration rotation grazing 
as under continuous or rotationally deferred grazing. This differ- 
ence was not reflected in gains, but Hart et al. (1989) showed that 
greater travel distance can reduce gains if the increase is large 
enough. Significant improvements in gain might result from sub- 
dividing large pastures, regardless of the grazing system applied. 

Literature Cited 

Arnold, G.W., and M.L. Dudzinski. 1978. Ethology of free-ranging domes- 
tic livestock. Elsevier Sci. Publ. Co, New York. 

Balph, D.F., and M.H. Balph. 1986. The application of behavioral con- 
cepts to livestock management. Utah Sci. 47:78-85. 

Bjugsted, A.J., and A.V. Dalrymple. 1968. Behavior of beef heifers on 
Ozark ranges. Univ. of Missouri Agr. Exp. Sta. Bull. 870. 

Blackhum, W.H. 1984. Impacts of grazing intensity and specialized grazing 
systems on watershed characteristics and responses. p. 927-983. In: 
NRC/NAS, Developing strategies for rangeland management. West- 
view Press, Boulder, Colo. 

Brody, S. 1945. Bioenergetics and growth. Reinhold Publ. Co., New York. 
Chrcon, E., and T.H. Stobbs. 1976. Influence of progressive defoliation of 

a grass sward on the eating behavior of cattle. Aust. J. Agr. Res. 
271709-727. 

Charnov, E.L. 1976. Optimal foraging, the marginal value theorem. Theor. 
Pop. Biol. 9:129-136. 

Clapperton, J.L. 1964. The energy metabolism of sheep walking on the 
level and on gradients. Brit. J. Nutr. 18:47-54. 

Cook, C.W. 1970. Energy budget of the range and range livestock. Colo- 
rado State Univ. Exp. Sta. Bull. TB109. 

Dwyer, D.D. 1961. Activities and grazing preferences of cows with calves in 
northern Osage County, Oklahoma. Oklahoma State Univ. Agr. Exp. 
Sta. Bull. B-588. 

Forbes, T.D.A., and S.W. Coleman. 1987. Herbage intake and ingestive 
behavior of grazing cattle as influenced by variation in sward characteris- 
tics. p. 141-152. In: E.P. Horn, J. Hodgson, J.J. Mott, and R.W. 
Brougham (eds.), Proc. Special Session on Grazing Lands Research. 
Plant-Animal Interface. Winrock. Intemat., Morrilton, Ark. 

Gammon, D.M. 1984. An appraisal of short duration grazing as a method 
of veld management. Zimbabwe Agr. J. 81:59-G% 

Ganskopp, D., ind M. Vavm. 1987. slope. use by cattle, feral horses, deer, 
and bighorn sheep. Northwest Sci. 60:74-8 I. 

Garrett, W.N., J.H. Meyer, and G.P. Lofgreen. 1959. The comparative 
energy requirements of sheep and cattle for maintenance and gain. J. 
Anim. Sci. 18:528-546. 

Gary, L.A., G.W. Sherritt, and E.B. Hale. 1970. Behavior of Charolais 
cattle on pasture. J. Anim. Sci. 30:203-205. 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 261 



Hart, R.H., M.J. Samuel, P.S. Test, and M.A. Smith. 1988. Cattle, vegeta- 
tion, and economic responses to grazing systems and grazing pressure. J. 
Range Manage. 41:282-286. 

Hart, R.H., M.J. Samuel, J.W. Waggoner Jr., and M.A. Smith. 1989. 
Comparisons of grazing systems in Wyoming. J. Soil Water Cons. 
44:344-341. 

Heitschmidt, R.K. 1986. Short duration grazing at the Texas Experimental 
Ranch. p. 91-102. in: J.A. Tiedeman (ed.), Short duration grazing. 
Washington State Univ., Pullman, Washington. 

Hormay, A.L., and M.W. Talbot. 1961. Rest-rotation grazing-a new man- 
agement system for perennial bunchgrass ranges. USDA Prod. Res. 
Rep. 51. 

Hull, J.L., G.P. Lofgreen, and J.H. Meyer. 1960. Continuous vs. intermit- 
tent observations in behavior studies with grazing cattle. J. Anim. Sci. 
19:1204-1207. 

Jamieson, W.S., and J. Hodgson. 1979a. The effect of daily herbage 
allowance and sward characteristics upon the ingestive behaviour and 
herbage intake of calves under strip-grazing management. Grass & For- 
age Sci. 34261-271. 

Jamieson, W.S., and J. Hodgson. 1979b. The effects of variation in sward 
characteristics upon the ingestive behaviour and herbage intake of calves 
and lambs under a continuous stocking management. Grass & Forage 
Sci. 34213-282. 

Merrill, L.B. 1934. A variation of deferred rotation grazing for use under 
southwest range conditions. J. Range Manage. 7:152-154. 

Olson, K.C., and J.C. Malechek. 1988. Heifer nutrition and growth on 
short duration grazed crested wheatgrass. J. Range Manage. 41:259-263. 

Sampson, A.W. 1913. Range improvement by deferred and rotation graz- 
ing. USDA Bull. 34. 

Samuel, M.J., and G.S. Howard. 1982. Botanical composition of summer 
cattle diets on the Wyoming high plains. J. Range Manage. 35:305-308. 

Savory, A. 1988. Holistic resource management. Island Press, Covelo, 
California. 

Stockdale, C.R., and K.R. King. 1983. Effect of stocking rate on the 
grazing behavior and fecal output of lactating dairy cows. Grass and 
Forage Sci. 38:215-228. 

Stricklin, W.R., L.L. Wilson, and H.B. Graves. 1976. Feeding behavior of 
Angus and Charolais-Angus cows during summer and winter. J. Anim. 
Sci. 43:721-732. 

Valentine, K.A. 1947. Distance from water as a factor in grazing capacity of 
rangeland. J. Forest 45:749-754. 

Walker. J.W., and R.K. Heitschmidt. 1989. Some effects of a rotational 
grazing treatment on cattle grazing behavior. J. Range Manage. 
42~337-342. 

Walker, J.W., J.W. Stuth, and R.K. Heitschmidt. 1989. A simulation 
approach for evaluating field data from grazing trials. Agr. Sys. 
30~301-316. 



Cattle grazing behavior on a foothill elk winter range in 
southeastern Wyoming 
R.H. HART, K.W. HEPWORTH, M.A. SMITH, AND J.W. WAGGONER, JR. 

Abstract 

Cattle at a light stocking rate of 0.17 to 0.18 AUM/ha over a 
35-day grazing season in summer preferred to graze on lowland 
range sites, while elk in winter preferred upland range sites. We 
changed stocking rates on the same pastures to a moderate rate of 
0.28 AUM/ha and a very light rate of 0.034 AUM/ha to determine 
the effects of stocking rate on cattle preference for range sites and 
possible habitat overlap between cattle and elk. At all stocking 
rates, cattle spent significantly more time grazing on loamy range 
sites and less time on other sites than would be expected on the 
basis of area occupied by the sites. When grazing pressure was 
increased from light to moderate, cattle grazing time on loamy sites 
increased. When grazing pressure was decreased from light to very 
light, cattle grazed only loamy and shallow sites to the complete 
exclusion of other sites. Cattle grazed farther from water as stock- 
ing rate increased and as the grazing season progressed. They also 
grazed on steeper slopes as stocking rate increased, and as the 
season progressed under the highest stocking rate. Even at the 
highest stocking rate studied, there was little habitat overlap 
between cattle and elk. 
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Cattle (Bos taurus)distribution is influenced by slope (Mueggler 
1965, Roath and Krueger 1982, Ganskopp and Vavra 1987); verti- 
cal and horizontal distance to water (Valentine 1947, Miller and 
Krueger 1975, Low et al. 1981 and 1982); and climatic factors such 
as ambient temperature, wind speed and direction, humidity, pre- 
cipitation, and barometric pressure (Arnold and Dudzinski 1978, 
Miller 1983). Slope and climate are uncontrollable; distance to 
water can be controlled if other than natural sources of water can 
be developed. 

Manipulations of pasture size, animal density or stocking rate, 
and length of grazing period in rotational grazing systems are 
generally thought to improve distribution and reduce forage selec- 
tivity (Hormay and Talbot 1961, Denny et al. 1974, Denny and 
Barnes 1977, Heitschmidt and Walker 1983). It is not entirely 
accepted, however, that an increase in stocking rate or density will 
reduce selective tendencies (Streeter et al. 1968, Reece 1983). Cattle 
on the Wyoming foothill range discussed in this paper preferred 
certain range sites at a low stocking rate (Pinchak et al. 1991). Our 
interest was in determining if higher cattle stocking rate would 
result in reduced selectivity or more widespread grazing distribution. 

Cattle and elk (Cervus eluphus) both use foothill ranges and 
prefer similar plants, but elk generally do not graze foothill pas- 
tures at high enough density in summer to compete directly with 
cattle for forage (Julander and Jeffery 1964, Nagle and Harris 
1966). They do, however, concentrate on foothill pastures in winter 
months when cattle generally are not present (Ward et al. 1973, 
1976, and 1980; Oedekoven and Lindzey 1987). This presents the 
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possibility of competition because cattle may consume in summer 
the forage that. elk need in the winter. The severity of overlap could 
depend on cattle stocking rate and feeding distribution during the 
summer grazing period. 

The Wyoming Game and Fish Department’s Wick Brothers 
Management Unit, near Elk Mountain in southeastern Wyoming, 
offered a location to determine effects of various cattle stocking 
rates on summer distribution of cattle on an area where winter 
distribution of elk was known (Ward et al. 1976 and 1980). 
Summer cattle distribution under light stocking (0.17 to 0.18 
animal-unit months [AUM] per ha) was determined by Pinchak et 
al. (1991). We increased the stocking rate on 1 pasture used by 
Pinchak and reduced it on the other, creating a study design with 
baseline pretreatment data and spatial control to identify changes 
not caused by treatment. Our study design allowed us to test 
whether an increase in beef cattle stocking rate caused a change in 
cattle distribution. The following objectives were identified: (1) 
Determine the impact of stocking rate on cattle grazing distribu- 
tion on different range sites and slopes and at different distances 
from water, and (2) Compare summer cattle distribution patterns 
with elk winter grazing distribution. 

Study Area 

The Wick Brothers Management Unit extends approximately 8 
km west and northwest from Arlington, Wyo. The 4,597-ha area 
was purchased in 1965 because of its value as critical elk winter 
habitat. A variety of topography exists on the unit including high 
rolling hills and benches descending in elevation from 2,714 to 
2,214 m along Foote, Wagonhound, and Mule Creeks, all peren- 
nial streams (Fig. 1). 

The area is on a precipitation gradient between high plains and 
mountain regions. Annual precipitation averages 397 mm at Elk 
Mountain, 10 km west of the Wick Unit. Precipitation amounts for 
1984 and 1985 were 362 and 294 mm, respectively. Precipitation 
occurs mostly as snow and spring rain. Twenty-year average 
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Fig. 1. Contour map of study site. 
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temperatures are -3.0’ C for November through March, 6.2” C for 
April and May, 15.0” C for June through September, and 6.7O C 
for October. The 20-year average frost-free period is 84 f 15 days. 

Livestock were excluded from the study site from 1965 to 1967; 
various levels of livestock grazing were permitted from 1968 to 
1978. In 1979, the University of Wyoming obtained a IO-year 
grazing and hay lease. The grazing permit was from I5 June to 15 
October, with a maximum of 800 animal unit months (AUM) 
allowed. In 1980 a deferred rotation grazing system was imple- 
mented. Pastures designated B 1(6 12 ha) and B3 (563 ha) were used 
by Pinchak et al. (1991) for this study. 

In pastures Bl and B3,7 major range sites were delineated and 
the flora described (Table 1). A map of these range sites was 

Table 1. Range sites, forage production in favorable years, and major 
plant species. 

Range site Major species according to SCS Technical Guide 
(Production, kg/ha) (SCS 1988) 

Loamy Griffiths wheatgrass (Agropyron albicans Scribn. & 
(l&V Smith var. griffithsii [Scribn. 8c Smith] Beetle) 

Slender wheatgrass (Agropyron trachycaulum 
[Link] Malte 

Idaho fescue (Festuca idahoensis Elmer) 
King spikefescue (Leucopocr kingii [Wats.] Weber) 

Grazable 
woodland 
(Unknown) 

Wetland/sub- 
irrigated 
(5,400/3,900) 

Shallow loamy 
( I,OW 

Mountain bromegrass (Bromus marginarus Nees) 
Elk sedge (Carex geyeri Boott) 
Canby bluegrass (Poa canbyi [Scribn.] Piper) 

Nebraska sedge (Carex nebraskensis Dewey) 
Tufted hairgrass (Deschampsia caespirosa [L.] 
Beauv.) 

Prairie junegrass (Koeleria cristara [L.] Beauv.) 
Mutton bluegrass (Poafendleriana [Steud.] Vasey) 
Griffiths wheatgrass 

Very shallow 
(540) 

Bluebunch wheatgrass (Agropyron spicarum 
[Pursh] Scribn. & Smith) 

King spikefescue 

Coarse uplands Idaho fescue 
(1,500) Prairie junegrass 

published by Pinchak et al. (1991). Wetland and subirrigated sites 
were grouped together for analysis purposes, because they occur in 
close proximity to each other and are not easily differentiated 
visually. 

Rocky Mountain elk, mule deer (Odocoileus hemionus), and 
pronghorn antelope (Antilocapra americana) were the native 
ungulates found on the unit. Approximately 200 mule deer were 
present all year. Approximately 200 pronghom occupied the area 
for 7 to 8 months while as many as 600 elk made use of the unit in 
winter (Wyoming Game and Fish Department, personal communi- 
cation). 

Methods 

Cattle Observations 
Pastures Bl and B3 were stocked at 153 animal units (AU; 72 

cow-calf pairs and 108 yearlings) and 17 AU (8 pairs and 12 
yearlings), respectively. Crossbred beef cattle were used in the 
study. The pairs were part of the University of Wyoming’s perman- 
ent cow herd while most of the yearlings (steers and heifers) were 
purchased from order buyers for this study. Grazing periods for the 
study pastures were 15 June to 20 July 1984 (35 d) and 12 July to 14 
August 1985 (33 d). Stocking rates on Bl and B3, respectively, were 
0.29 and 0.035 animal-unit-months (AUM) per ha in 1984 and 0.28 
and 0.033 AUM/ ha in 1985. Pinchak et al. (1991) used stocking 
rates of 0.17 to 0.18 AUM/ ha. 
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Table 2. Observed and expcded use by range sites, 1981-82 (first 5 weeks only; Pinchnk et al. 1991) and 1984-85. 

________________P~stu~B1_________ _______ __ _____ _ __-----_ PastureB3 _______ _________ 

1981-2 1984-5 1981-2 1984-S 
0.18 0.28 0.18 0.034 

Site AUM/ha AUM/ha Exp. AUM/ha AUM/ha Exp. 

__________________ _________--__-- %oftotalobservations------------------------------- 
Loamy 43b 71a* 10 46b Sla 16 
Shallow loamy 20a 13a* 41 36a 19a* 48 
Wetland/subirrigated 21a lob 3 6bc Oc 1 
Grazable woodland 1Oab <lab* 7 1Oa Ob* 9 
Coarse uplands 2ab 5a* 27 2ab Ob’ 25 
Very shallow 3a la* 12 <la Oa 1 

“.bObservations on the same site, followed by the same letter, are not significantly different. 
* 1984-85 observations are signAantly different from expected (Exp.) 

Cattle distribution patterns were obtained by riding over each 
pasture twice daily and mapping the location and activity of all 
cattle, 2 or 3 days a week, during the grazing period. The pastures 
were so large and the topography so diverse it was not possible to 
observe all the cattle in 1 pasture simultaneously. Riding each 
pasture twice occupied almost the entire day. 

Cattle locations were mapped and slope and distance from water 
at each location determined on USGS topgraphic maps (1:24,000 
scale) using a 1,000-m Universal Transverse Mercator Grid. Each 
individual observation of cattle was converted into animal use days 
(AUD) for each range site by summing the number of cattle 
observed grazing each site during an observation period. Percent 
AUD for each week was determined by dividing the number of 
cattle observed during that week on a site, by the total number 
observed on all sites. 

gated and coarse upland sites was greater than under very light 
stocking (pasture B3). At low stocking rates on B3, cattle may have 
had sufficient feed on the dryer loamy and shallow loamy sites to 
enable them to avoid the more insect-infested wetland/subirri- 
gated site. Cattle, horses, and other herbivores avoid areas of high 
insect densities if possible (Arnold and Dudzinski 1978, Keiper and 
Burger 1983). No differences in use between pastures-stocking 
rates were observed on the other sites. 

Weekly means of the percent of total AUD’s observed on each 
site were analyzed by 3-way analysis of variance (ANOVA), with 
the 4 pasture-stocking rate combinations (from 1981 and 1982, Bl 
and B3 at 0.18 AUM/ ha [Pinchak et al. 19911; from 1984 and 1985, 
Bl and 0.28 AUM/ ha and B3 at 0.034 AUM/ ha] and the 5 weeks of 
grazing as main effects, arid years treated as samples. Data from 
each range site were analyzed separately. Observed use of range 
sites within pastures was compared to expected (on the basis of 
area occupied) use by chi-square analysis with a Bonferroni Z 
simultaneous confidence interval (Neu et a. 1974, Byers et al. 1984). 

Under moderate stocking on Bl in 1984-85, more use was 
observed on loamy sites and less on wetland/subirrigated sites than 
under light stocking on the same pasture in 198 l-82 (Pinchak et al. 
1991). Under very light stocking on B3 in 1984-85, all observed use 
occurred on loamy and shallow loamy sites, while use was observed 
on all sites on B3 under light stocking in 1981-82. This concentra- 
tion on only 2 sites in 1984-85 produced an increase in use on 
loamy sites in spite of the reduced stocking rate. 

It was possible to calculate effective stocking rate on each range 
site by multiplying stocking rate on the entire pasture by the 
fraction of total use on that pasture located on that range site, then 
dividing the product by the fraction of total pasture area occupied 
by the site. These effective stocking rates then were compared to 
recommended stocking rates for each site (SCS 1988; Table 3). On 

Table 3. Recommended (SCS 1988) and observed stocking rates on range 
sites within pastures, 1981-82 and 1984-85. 

In 1984 and 1985, weekly means of average percent slope, aver- 
age distance from water, and percent of observations within 300 or 
460 m from water were analyzed by 3-way ANOVA, with pastures 
and weeks as main effects and years as replications. 

Where ANOVA indicated significant differences among means 
of factors with more than 2 levels, the Neuman-Keuls multiple 
range test for mean separation (Ott 1984) was used. The 0.05 
significance level was chosen for all means except the mean X 
pasture means for percent slope, for which the 0.10 level was 
chosen. 

Results and Discussion 

Site 

Loamy 
Shallow loamy 
Wetland/subirrigated 
Grazable woodland 
Coarse uplands 
Very shallow 

NL = Not listed in SCS (1988). 

_______Observed _______ 
Recom- ---- 1984-85 - - - - 1981-82 
mended Bl B3 Bl & B3 

___________AUM/ha______----- 
0.75 1.99 0.17 0.61 
0.42 0.09 0.01 0.11 
5.00 0.93 0.00 1.26 
NL <O.Ol 0.00 0.22 
0.62 0.05 0.00 0.01 
0.30 0.02 0.00 0.06 

Range Site Use 
The majority of animal-use days in 1984-85,76%, was observed 

on loamy range sites that constituted only 13% of the land area in 
the pastures (Table 2). An additional 16% of use-days occurred on 
the shallow loamy site, which occupied 44% of the pasture area. 
Use of the loamy site was significantly greater than expected, on 
the basis of the area occupied by this site on both pastures, but 
shallow loamy sites were used less than expected. Wetland/subir- 
rigated sites were used about as expected. All other sites were used 
much less than expected, except for very shallow sites in the very 
lightly stocked pasture B3, where they occupied only 1% of the 
area. 

loamy sites, the effective stocking rate in 1981-82 was only slightly 
lower than the recommended rate, but under heavier stocking in 
1984-85, the effective rate was 2.65 times the recommended rate. 
Effective rates on loamy sites at the lower stocking rate in 1984-85, 
and on all other sites at all stocking rates, were much lower than 
recommended. In pastures containing widely differing range sites, 
it may not be possible to achieve recommended use on less- 
desirable sites without dangerous overuse of more-desirable sites. 

Under moderate stocking (pasture Bl), use of wetland/subirri- 

Cattle Distribution and Distance to Water 
On pasture Bl, approximately 16 and 30% of the total area was 

within 300 and 460 m of water, respectively; comparable figures for 
pasture B3 were 20 and 35%. In 1984-85,47% of animal use was 
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observed within 300 m of water, with no differences between subirrigated sites in 1981-82 and 1984-85. Coarse upland, very 
pastures. Significantly more use occurred within 460 m of water on shallow, and shallow loamy sites incurred 3, 6, and 26% of total 
the very lightly stocked B3 than on the moderately stocked Bl, 9% cattle use, respectively, in 1981-82 (Pinchak et al. 1991). We did 
vs. 63%. Under light stocking rates in 198 l-82,54% and 76% of use not observe an increase in cattle use on these range sites when we 
was observed within 300 and 460 m, respectively, with no differen- increased stocking rate to 0.28 AUM/ ha; use on the same sites was 
ces between pastures (Pinchak et al. 1990). 2,3, and 17% in 1984-85. 

Cattle in the moderately stocked Bl were seen to graze an 
average of 0.53 km from water vs 0.27 km in the very lightly 
stocked B3 (Table 4). Both comparisons suggest that cattle were 

Table 4. Mean distance cattle grazed from water (km), 1984-85. 

We established that cattle in summer are most often found on 
relatively level lowland sites. It has been shown that elk in winter 
are most often found on steep upland sites. It appears that little 
habitat overlap exists between these 2 species, either in time or 
space. However, it must be emphasized that at no time during our 
study were elk and cattle both present. Cattle were on the range 
only in summer, and elk only in winter. 

Literature Cited 

Week of 
Grazing 

Pasture B 1 
0.28 AUM/ha 

Pasture B3 
0.034 AUM/ ha Mean 

: 

3 
4 
5 

Mean 

0.41 0.46 

0.40 
0.56 
0.83 
0.53x 

0.17 0.32 

0.32 
0.21 
0.34 
0.27~ 

0.39 0.29 ab b 

0.36 ab 
0.38 ab 
0.58 b 

a~xMean~ of weeks or pastures followed by different letters are significantly different. 

forced to graze farther from water at higher stocking rates. Hodder 
and Low (1978), Roath and Krueger (1982), and Bryant ( 1982) reached 
similar conclusions. Average distance from water to grazing 
increased as the grazing season advanced and forage near water 
diminished, from 0.29 km in week 1 to 0.58 km in week 5. 

Cattle Distribution and Slope 
Average percent slope grazed ranged from 2.5 to 6.8%during the 

5 weeks of this study in 1984-85. Slopes used by cattle in pasture B3 
averaged 3.2%, vs. 5.2% in the more heavily stocked Bl pasture 
(Table 5). Percent slope used in Bl increased from 4.2% in week 1 

Table 5. Mean percent slope used by grazing cattle, 1984-85. 

Week of 
grazing 

Pasture BI 
0.28 AUM/ ha 

Pasture B3 
0.034 AUM/ha 

1 4.2 cd 3.0 ab 
2 3.8 bed 3.0 ab 
3 4.7 d 4.2 cd 
4 6.8 e 2.5 a 
5 6.8 e 3.2 abc 

Mean 5.2 x 3.2 y 

““Means of pastures and pastures X weeks followed by different letters are signifi- 
cantly different. 

to 6.8% in week 5, while slopes used in B3 did not vary from week to 
week. Pinchak et al. (1991) found 86% of observed grazing 
occurred on slopes less than 7%, and Berg and Hudson (1982) 
observed 71% of cattle use on slopes less than 10%. In Utah, Van 
Vuren (1982) noted 33% of the land received only 10% of the use 
because of steep slopes. 

Cattle vs. Elk Site Use 
On the Wick Unit, elk in the winters of 1973 to 1978 preferred 

coarse upland sites on steep slopes and ridgetops at all snow 
depths, with some use occurring on very shallow and shallow 
loamy sites at various snow depths (Ward et al. 1976 and 1980). 
During 2 winters on foothill range in southwestern Wyoming, 44 
and 60% of elk observations were on steep slopes, ridgelines, and 
hilltops; 16 and 14% were on gentle and toeslopes; and 40 and 20% 
were on flat land or drainages (Oedekoven and Lindzey 1987). In 
winter loamy and wetland/subirrigated sites are the first to be 
covered with snow and rendered unavailable to wintering elk. 

Cattle grazing on the Wick Unit in summer at 0.17 to 0.18 
AUM/ ha preferred low-lying loamy, shallow loamy, and wetland/ 
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Beef cattle distribution patterns on foothill range 

A 3-year experiment designed to quantify the spatial and tem- 
poral utilization patterns of range sites by beef cattle on summer 
foothill range was conducted on the Wick Brothers Management 
Unit of the Wyoming Game and Fish Commission, 8 km w. of 
Arlington, Wyo. The grazing seasons, in replicate pastures, were 
from 15 July-9 August, 15 June-26 July, and 15 June-2 August in 
1980,1981, and 1982, respectively. Daily observations were made 
of radio-telemetry collared cattle (3 per pasture). Cattle dispersion 
was constrained by the spatial distribution of water and slope. 
Across 3 seasons, 77% of observed use was within 366 m of water. 
Approximately 65% of the land area WPS beyond 723 m from water 
and sustained only 12% of observed use. Cattle concentrated use 
(79%) on slopes less than 7%. Consequently 35% of the area, on or 
surrounded by slopes >lO%, received only 7% of observed use. 
Loamy, grszable woodland and wetlandfsubirrigated range sites 
were most preferred and accounted for over 65% of observed use 
while occupying less than 35% of the land area. Overall, course 
upland, very shallow and shallow loamy sites were not preferred; 
however, site preference varied as areas further from water were 
utilized. Observed usewassigniticantly (P<O.lO)correlnted(r0.41 
to 0.69) with standing crop and crude protein standing crop over 
various growth form characteristics of the forage component. 
Associated stepwise regression models accounted 
for44 to 73%ofthe variationin observeduseover the 1982 grazing 
season. As the forage complex became more similar, in terms of 
standing crop and crude protein content, significantly less (P<O.O5) 
variation in use was accounted for by the forage variables (O-37%). 

Key Words: plant community preference, slope sensitivity, water 
availability, seasonnl patterns 

Achievingan equitable distribution of livestock use among areas 
and plant communities within a pasture is a major objective of 
grazing management practices (Holechek et al. 1989). Concen- 
trated use around water sources by cattle (Squires 1978, Gillen et 
al. 1984, Martin and Ward 1970) can lead to an eventual decline in 
range condition. Cattle prefer to use level to gently sloping terrain 
and avoid slopes in excess of 10% (Mueggler 1965, Cook 1966, Van 
Vuren 1982). Consequently, physiographically diverse ranges will 
have areas of over utilization adjacent to areas with under utilira- 
tion, because the negative interaction between slope and distance 
to water promotes over concentration ofuse on level areas adjacent 
to waterso~rces (Cook 1966, Roath and Krueger 1982b, Van Rees 
and Huston 1983). 

Cattle prefer certain forage species and plant parts from the 
assemblage ofavailable forages within and among plant communi- 
ties (Arnold and Dud&ski 1978). These forage preferences often 
lead to over utilization of individual forage species and/or plant 
communities and then eventual decline. 

WILLIAM E. PINCHAK, MICHAEL A. SMITH, RKHARD H. HART, AND JAMES w. WAGGONER, JR. 
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The combined effects of physiographic diversity, spatial distri- 
bution of water, and heterogeneity of plant communities on distri- 
bution patterns of cattle grazing foothill range have not been 
elucidated. Our objective in this experiment was to determine the 
effects of these abiotic and biotic factors on cattle distribution 
patterns on summer foothill range. 

Materials and Methods 
The study area is located on the 4,597 ha Wyoming Game and 

Fish Department’s Wick Brothers Management Unit, approxi- 
mately 8 km west-northwest of Arlington, Wyo. The grazing per- 
mit period was from 15 June to 15 October, with an 800 animal unit 
month (AUM) allocation. In 1980,10.6 km of rtwire, New Zealand 
type electric fence was built to facilitate implementation of a 
deferred rotation grazing system and establish replicate pastures 
Bl and B3 (Fig. la). 

Elevations of the study pastures range from 2,340 to 2,640 m 
(Fig. lb). Topography is dominated by high rolling hills and 
benches in descending elevation paralleling perennial drainages. 
Aspects are dominated by NW, W, and SW facing slopes. 

Annual precipitation averages 397 mm at Elk Mountain, 10 km 
west of the Wick Unit, most of which occurs as winter snow and 
early spring rains. Convective thunderstorms are characteristic of 
summer precipitation events. The 20-year average 0’ C frost-free 
period is 84 days f 15 days. 

Major range sites were Wetland (WL), Sub-irrigated (SB), 
Loamy (LY), Grazable Woodland (GW), Shallow Loamy (SWLY), 
Coarse Upland (CU), and Very Shallow (VS). Wetland and SB 
sites were combined into WL/SB complexes because these are 
commonly intermingled. Major overstory and understory species in 

each site type are given in Table 1. Figures la and b depict the 
spatial distribution of range sites and water and the topographic 
diversity of pastures Bl and B3, respectively. 

Cattle Distribution 
Throughout the experiment, pastures were lightly stocked (5.7 

to 5.9 ha l AUM-‘) (Soil Conservation Service 1978) to facilitate 
animal expression of site preference. Each year, 3 animals (2 cows 
and 1 steer) per pasture were fitted with radio telemetry collars to 
facilitate daily observations of animal distributions on this foothill 
range. Collared animals and sub-herds not having collared animals 
were observed at least once daily. Observations were made during 
daylight hours (0600 to 2030) because we found very little night- 
time movement. A sampling day was divided into 3 periods, mom- 
ing (0600 to 1 lOO), mid-day (1101 to 1600) and evening (1601 to 
dark), which over the 3 grazing seasons accounted for 37,3 1, and 
32%, respectively, of cattle observations. Employing this scan 
sampling design, across years 90 f 5% of the cattle in a pasture 
were accounted for at each observation. 

Collared animals were located using a Telonics RDP21 receiver 
and a portable, 2-clement Yagi directional antenna. At each visual 
observation of collared animals and unassociated sub-herds, time, 
map location, range site type, activity, number of associated anim- 
als (within 183 m), their activity, distance from water, distance 
from shade, percent and length of slope, aspect, temperature, 
relative humidity, and wind speed and direction were recorded. 
Distance. from water and shade were estimated utilizing a Ranging 

lMention of a trademarked product does not represent promotion or endorsement by 
the University of Wyoming or USDA, ARS. 

Table 1. Major overstory and understory specie.@ and proportion of total area in each range site type. 

Range site 
Area 
(%) 

Growthb 
foml Common name 

Major plant species 
Scientific name 

Wetland/Subirrigated 2 MF 
HLST 
LLST 

Loamy 

Grazable 
Woodland 

Shallow Loamy 

Coarse Upland 26 

Very Shallow 6 

13 
MF 

8 

45 

HLST 
LLST 
LLST 
HLST 
LLST 

HLSR 
LLST 
LLST 
LLST 
LLSR 

LLST 
LLST 

LLSR 
LLST 
LLST 

HLSR 
HLSR 
LLST 

Nebraska sedge 
Timothy 
Tufted hairgrass 
Kentucky bluegrass 
Silver sagebrush 
Mountain big 

sagebrush 
Letterman needlegrass 
Slender wheatgrass 
Mountain brome 
Idaho fescue 
Canby bluegrass 
Aspen 
Elk sedge 
Blue wildrye 
Mountain brome 
Slender Wheatgrass 
Griffith Wheatgrass 

Sandberg bluegrass 
Needleandthread 
Wyoming big sagebrush 

Griffith Wheatgrass 
Sandberg bluegrass 
Needleandthread 
Mountain mahogany 
King spikefescue 
Ross sedge 
Griffith Wheatgrass 

Carex nebraskensis Dewey 
Phelum pratense L. 
Deschampsia caespitosa (L.) L%eauv. 
Poa pratensis L. 
Artemesia cana var. viscidula Osterh. 
Artemesia tridentata var. vaseyana (Rydb.) 

Boivin 
Stipa lettermanii Vasey 
Elymus trachycaulus (Link) Gould ex Shinners 
Bromus carinatus H. & A. 
Festuca idahoensis Elmer 
Poa secunda Presl var. elongata (Vasey) Dorn 
Populus tremuloides Michx. 
Carex geyeri Boott 
Elymus glaucus Buck]. 

Elymus lanceolatus var. griffithsii 
(Scribn. & Sm. ex Piper) Dorn 

Pea secunda var. secunda Presl 
Stipa comata Trin. SL Rupr. 
Artemesia tridentata var. wyomingensis 

(Beetle and Young) Welch 

Cercocarpus montanus Raf. 
Leucopoa kingii (Wats.) Weber 
Carex rossii Boott 

“Common and scientific names follow Beetle (1970) and Dorn (1988), respectively. 
bMF = mat forming, HLST = high ledstem tufted, LLST = low leapstem tufted, LLSR = low leafistem rhizomatous, HLSR = high leafistem rhizomatous. 
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Table 2. Observed cattle use and preference of areas away from water within pastures across yearss. 

Distance from Pasture Bl’ Year Pasture 83’ Year 
water range m 1980 1981 1982 

0- 183 .81b (P)’ so (P) .73 (P) .62 (P) .36 (P) 41 (P) 
l&4- 366 .17 (P) .24 (P) .ll (P) .20 (P) .15 (P) .34 (P) 
367 - 549 0 (A) .Ol (A) .05 (A) .04 (A) .09 (N) .lO (N) 
550- 732 0 (A) .16 (N) .03 (A) .09 (A) .02 (A) .Ol (A) 
733 - 1097 .Ol (A) .08 (A) .06 (A) .06 (A) .04 (A) .Ol (A) 

1098- 1463 .Ol (A) .02 (A) .Ol (A) 0 (A) .14 (N) .Ol (A) 
1464 - 1829 0 (A) 0 (A) .Ol (A) 0 (A) .03 (A) 0 (A) 
1830 - 2195 NA’ NA NA 0 (A) .04 (A) 0 (A) 
21% - 2743 NA NA NA NA .05 (A) 0 (A) 

12744 NA NA NA NA .09 (A) 0 (A) 

Observed AUDd 1180 2651 2656 1094 2030 2616 

‘For ease of data presentation, the proportions of use were used in this table though the actual number of expected and observed AUD were utilized for x2 analyses. Calculated x2 
for zone use among years within and across pastures (rows) and within pasture and year among zones (columns) are significant at P<O.Ot. 
“Proportion of observed AUD in a zone. 
‘P = preferred, A = avoided, N = no preference. Based upon Cl : observed AUD in a zone f I- =/2k, where K is the number of simultaneous comparisons (i.e. 10 zones). 

‘Total observed AUD. 

Inc.1 range finder and later verified with map coordinates. Percent 
slope was estimated and post-observationally verified utilizing an 
Abeny level. Similarly, length of slope was verified using a 100-m 
tape. Activity was classified into grazing, ruminating, walking, 
lying, and watering. Activity distribution among time periods indi- 
cated 64 to 75% of observed activities were grazing and 22 to 32% 
ruminating. There was no difference among time periods in these 
activities. 

Each observation was weighted by the number of animals within 
183 m of the collared animal or within 183 m of the centroid of a 
sub-herd. Weighting allowed quantitation of the magnitude of 
preference for a location and its attributes. Weighted values were 
defined as animal use days (AUD), which included all activities. If 
multiple collared animals were observed in a group, they were 
counted as a single observation. Subsequently, weekly and sea- 
sonal AUD and percent AUD were utilized to determine distribu- 
tion patterns. 

Vegetation 
Plant communities were mapped into range site types based 

upon SCS (1978) Technical Guidelines in 1979. Mapping resolu- 
tion was to .I-ha inclusions except for certain intermingled 
CU/SWLY and WL/SB complexes where proportions within a 
location were estimated. Twenty-five percent of the representatives 
of each range site in each pasture were selected for range condition 
determination in 1979. Condition ranged from mid-fair (40%) to 
high good (63%) across sites and was least around water sources. 

During 1981 and 1982, approximately 100 g wet weight of the 

‘Mention of a trademarked product does not represent promotion or endorsement by 
the University of Wyoming or USDA, ARS. 

predominant grass species and select forbs (Table 1) from a repre- 
sentative of each range site type, in each pasture, was collected at 
IO-day intervals throughout the grazing period. Samples were 
frozen and later dried at 55’ C to a constant weight. Dry matter 
and moisture content were determined by difference. Crude pro- 
tein content was determined using a macro-Kjeldahl nitrogen 
technique (AOAC 1975) then multiplying percent nitrogen by 6.25. 

In 1982, a 50 m X 100-m macro-plot was established in the same 
site representatives as previously sampled for forage quality. 
Standing crop of grasses and select forbs was estimated before, 
midway, and after grazing using the double sampling technique 
described by Wilm et al. (1944). On each date, twenty .25-m2 
quadrats were randomly sampled within a macro-plot. Five to 6 
plots were estimated and clipped by species; the remainder were 
estimated only and adjusted by a regression model of estimated 
weight to clipped weight generated for each site on each sample 
date. 

A classification scheme was developed to describe standing crop 
in a currency which beef cattle might discriminate on, within and 
among range site types. Preferences exhibited by cattle for grass 
over browse and leaf over stem (Arnold and Dudzinski 1978) were 
the basis for classification. Forages were classified by growth form 
and relative 1eaf:stem ratio into 5 functional groups: mat forming 
(MF), high 1eaf:stem tufted (HLST), low leakstem tufted (LLST), 
high 1eaf:stem rhizomatous (HLSR), and low leakstem rhizomat- 
ous (LLSR) grasses (Table 1). 

Standing crop in a pasture was estimated by first multiplying the 
acreage of a range site by the standing crop of that range site then 
summing across types. Standing crop of a range site as a propor- 

Table 3. Range site use and preferenee by cattle within pastures across yenrss. 

Pasture Bl (570 ha) Pasture B3 (574 ha) 

Land 1980 1981 1982 Area 1980 1981 1982 
Range site area (I 180 AUDb) (2651 AUD) (2656 AUD) (%) (1094 AUD) (2030 AUD) (2616 AUD) 

Coarse upland .27 .04= (A)d <.Ol (A) .Ol (A) .25 .20 (A) .05 (A) .02 (A) 
Shallow loamy .41 .27 (A) .28 (A) .27 (A) .48 .I5 (A) .32 (A) .32 (A) 
Loamy .lO .44 (P) .34 (P) .41 (P) .16 .39 (P) .34 (P) .39 (P) 
Very shallow .I2 .03 (A) .09 (A) .02 (A) .Ol 0 (A) 0 (A) .Ol (A) , 
Wetland/subirrigated .03 .16 (P) .18 (P) .16 (P) .Ol .18 (P) .08 (P) .07 (P) 
Grazable woodland .Ol .07 (N) .12 (P) .13 (P) .09 .08 (P) .22 (P) .19 (P) 

'For ease of data presentation the proportion of expected use (and area %) and observed use were used in the table, however, the actual number of expected and observed AUD 
were utilized in the ~2 analysis. Calculated chi-squares for range site use among years within and across pastures (rows) and within pasture and year among range sttes (columns) 

re significant at p<O.Ol). 
gr otal observed animal use days (AUD). 
‘Proportion of observed AUD. 
dP = preferred, A = avoided, N = no preference. Based upon CI = observed AUD on a range site f 1 - / 2k, where K is the number of simultaneous comparison (i.e. 6 range sites). 
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Table 4. Relationships between cattle preference for range sites and distance from water over 3 grazing ‘*asons. 

Zones” away from water 

Range site 

Coarse upland 

1 2 3 4 5 6 I 8 9 10 
Pasture Pasture Pasture Pasture Pasture Pasture Pasture Pasture Pasture Pasture ---------- 

Year BI B3 Bl B3 Bl B3 BI B3 Bl B3 Bl B3 Bl B3 Bl B3 Bl B3 Bl B3 

1980 -b + - q  q  - q  + + + - .’ . nad na na na na 
1981 _ t _ _ _ _ _ _ _ _ _ _ _ _ na _ na _ na _ 
1982 - - - + - - - - - - - - - . na . na . na . 

Shallow loamy 1980 =I--+ - =. q  _ _t na na na na na 
1981 = _ q  _ 1 _ _ _ t + - i : ; na ; na _ na = 
1982 - - t - + - t - = - - + t - na . na . na . 

Loamy 1980 t t - t + . - - - - na na na na na 
1981 + - t = t + + t + - - ; r i na i na t na t 
1982 + + + t - t - t q  t - - - . na . na . na . 

Very shallow 1980 - . + na na na na na 
1981 = t _I 1 : I : - + i : i na i na _ na _ 
1982 - . - - + - + + - - . na . na . na . 

Wetland/subirrigated 1980 + + - na . na na na na 
1981 + - + ; 1 : ; : : : : ; : : na . na . na . 
1982 + q  q  - + . - . . . - . . na . na . na 

Grazable woodland l98Ot -- +. -. -- -- . . .na .nananana 
1981 t t - - - + z/t - - _ na - na - na q  

1982 t t - t - - - - - - q  - - . na . na na 

‘Zones I through lOcorrespond to ranges of0-183,184-366,367-549,550-732,733-1097,1098-1463,1464-1829, 1830-2195,2196-2743,and>2743metersawayfromwater. 
b-, q  , +; Avoided, expected, preferred within zone-pasture-year combinations; based upon CI=Proportion of observed AUD f I-/2K, where K is the number of simultaneous 
comparisons (IO zones). 
;. ; Either kobserved use within a zone or range site did not occur in the zone. 
, na ; Zone did not exist in year-pasture combination. 

tion of the pasture standing crop was calculated by dividing range 
site standing crop by pasture standing crop. Functional group and 
crude protein standing crops within sites and pastures were calcu- 
lated in the same manner. 

presentation. Arc-sine transformations were utilized when percen- 
tage data were analyzed. A protected Student-Neuman-Keuls test 
(SNK) was utilized for post-hoc mean separation (Zar 1974). 

Results 
Statistical Analyses 

Chi-square (x2) analyses were employed to determine whether 
cattle utilized (AUD) range sites, areas around water, and range 
sites within areas around water in accordance with availability. 
Heterogeneity of x2 analyses were used to test effect of pasture 
within and across years (Zar 1974). Chi-square analyses are sensi- 
tive to a large proportion of zero cells, hence, zones around water 
were delineated to minimize zero occurrences among years, yet 
retain maximum possible resolution. Consequently, zones were 
not equidistantly spaced away from water: Zones 1 through 4 were 
183 m wide, Zones 5 through 8 were 366 m wide, and Zones 9 and 
10 were 549 m wide. 

Across all year and pasture combinations, significantly more 
(P<O.Ol) use occurred within 366 m of water than was expected 
(77% observed AUD vs. 1 l%expected AUD). Approximately 65% 
of the available land area lay beyond 723 m from water and 
sustained less than 12% of observed use. In terms of preference, 
areas within 366 mm of water were preferred while distances 
beyond that were avoided (Table 2). 

Preference for range sites, zones around water, and site types 
within and among zones was calculated utilizing a Bonferroni Z 
simultaneous confidence interval (CI) approach described by Neu 
et al. (1974) and modified by Byers et al. (1984). A simultaneous 
confidence interval at l-a/2K, where K is the number of simul- 
taneous comparison, (i.e., site types 6; zones 7 to 10 etc.), was 
constructed around observed animal use. If expected use (E) was 
less than CI, conditions were preferred (P). If E was within the CI, 
conditions had no preference (N) and if E was greater than the CI, 
conditions were avoided (A). 

The availability of water varied within pastures within and 
among years as watering locations became dry. Hence, the corres- 
ponding area of zones would expand or contract through time. The 
effects of these conditions were more pronounced in 1981 than 
1980 or 1982, and in pasture B3 than pasture Bl (Table 2). During 
198 1, observed use within 366 m was 40% and 27% lower (P<O. 10) 
than in 1980 and 1982, respectively. A concurrent increase in use 
occurred at distances beyond 732 m (Table 2). Changes in 1981 
distribution patterns followed a winter where snowfall was 50% 
below normal, consequently, ephemeral drainages and some stock 
water locations were dry 3-4 weeks earlier than normal. A resul- 
tant 35% decrease (11% to 7% of the land area) of acreage within 
366 m of water occurred. 

Relationships between site preference and site attributes were 
analyzed by simple and Spearman rank correlation and stepwise 
regression analyses (Zar 1974). A general linear model split-split- 
plot AOV was used to test for temporal differences in the abiotic 
characteristics of observed locations (Hicks 1973). A split-plot 
AOV was utilized to determine temporal differences in forage, 
growth form, and weighted crude protein standing crop of range 
site types (Hicks 1973). Analyses were conducted utilizing actual 
AUD; however, results are given as percent of AUD for ease of 

During 1981, distribution patterns in pasture B3 were more 
affected by changes in water availability than those in pasture Bl 
(Table 2). Four of 5 stock water locations were dry by June 25 in B3 
whereas 1 of 3 was dry in pasture Bl. Presence of zones >2,195 m 
from water in 1981 and to less extent in 1982 indicates a major 
change in water availability from 1980. During 1981, 21% of the 
land area was beyond 2,195 m from water compared to an average 
of 10% over the course of the study. Associated with these changes 
13% AUD occurred at distances greater than 2,195 m from water in 
pasture B3. The proportion of AUD with 366 m decreased 19 and 
37% (P<O.Ol) in pastures Bl and B3, respectively, in 1981 com- 
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Fig. 2. Patterns of cattle dispersion away from water through time for the 
1980-1982 grazing seasons. Mean f s.d. 

pared to the average of 1980 and 1982. 
As time into grazing season progressed, cattle utilized areas 

further away from water (P<O. 10, Fig. 2). No year of year X week 
interaction existed (ZPO. 10). After 3 to 4 weeks into the grazing 
season, cattle utilized areas increasingly further from water and 
variation about weekly means increased (Fig. 2). Concurrently, 
there was increased formation of sub-herd units from 1 or 2 
initially, up to 6 at the end of the grazing season. 

Averaged across years and pastures, cattle preferred slopes less 
than 4% (P<O.Ol), but were observed on slopes ranging from 0 to 
40%. Over 90% of observed animal use occurred on slopes less than 
7%. As a result, 20% of land area received no observed use by cattle 
over 3 grazing seasons. 

Range Site Use Patterns 
Observed cattle use of range sites was significantly (P<O.Ol) 

different from range site availability (Table 3). Individual site types 
varied widely in the amount of use sustained and their preference. 
Loamy sites sustained significantly (P<O.O5) greater AUD than 
other sites within and among pastures and years. Averaged across 
years, 38% of AUD occurred on LY sites. Similarly, cattle dis- 
played a marked preference for WLSB and GW sites over the 
course of the study. Wetland/subirrigated sites were preferred 
under all pasture-year combinations, whereas, GW sites were util- 
ized as expected during 1980 in pasture B3 and preferred under the 
remaining combinations (Table 3). 

Cattle did not prefer SWLY, CU and VS range sites (Table 4). 
Shallow loamy sites occupied over 40% of the area in study pas- 
tures and were the dominat site type (Table 3). Even though SWLY 
sites were not selected for, over the course of the study these 
accounted for a significantly greater (P<O.O5) proportion of AUD 

Table 5. Average forage standing crop, crude protein content, and crude 
protein standing crop among range sites during the 1982 grazing season- 

Standing Crude Crude protein 
crop protein standing cro 

Range site (Kg l ha-‘) (%I (Kg CP l ha-‘) 

Coarse upland 174 c’ 10.4 c 18c 
Grazable woodland 252 bc 12.3 ab 31 bc 
Loamy 292 b 12.7 a 37 b 
Shallow loamy 283 b 10.6 bc 30 bc 
Very shallow 181 c 12.2 b 22 c 
Wetlandlsub- 911a 11.3 b 103 a 

irrigated 

lMeans within a column not having a common letter a~ different at Ko.05. 
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Fig. 3a. Preferred forage standing crop dynamics on range sites from 15 
June through 10 August 1982. Fig. 3b. Crude protein standing eroP 
dynamics on range sites from 15 June through 10 August 1982. Mean f 

(2;dand 26% of AUD in pastures Bl and B3, respectively) than all 
but LY sites. Unlike CU and VS sites, the proportion of AUD on 
SWLY sites was remarkably consistent within pastures across 
years except pasture B3 and 1980 (Table 3). In this regard, SWLY 
sites were more similar to preferred than avoided sites. Coarse 
upland and VS sites on average sustained 5% of the AUD over the 
study period. Significantly less use was made of these sites than all 
other sites. 

Yearly Patterns of Range Site Preference 
While preference rating for a range site type remained relatively 

constant among years, significant changes occurred in the observed 
proportion of use on certain sites within and among pastures and 
years (Table 3). In 1980, a greater proportion of AUD occurred on 
CU sites than in either 1981 or 1982. Concurrently, proportional 
decreases of AUD on GW and SWLY sites were observed. Differ- 
ences in 1980 use patterns coincided with a grazing season delayed 
1 month (15 July vs. 15 June) and ending 10 days later than in 198 1 
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Table 6. Average growth form standing crop and composition among range sites for the 1982 grazing season. 

Growth form 

Mat Forming 
Standing crop (Kg ha-‘) 
Composition (%) 

High LeafStem Tufted 
Standing crop (Kg ha’) 
Composition (%) 

Low LeaEStem Tufted 
Standing crop (Kg ha-‘) 
Composition (%) 

High LeafStem Rhizomatous 
Standing crop (Kg ha’) 
Composition (%) 

Low LeafStem Rhizomatous 
Standing crop (Kg ha-‘) 
Composition (%) 

Forb 
Standing crop (Kg ha-‘) 
Composition (%) 

Wetland 
subirrigated 

729 at 
80 a 

183a 
20a 

oc 
oc 

oc 
oc 

oc 
oc 

Ob 
0 

Loamy 

Ob 
Ob 

63 b 
21 a 

19OC 
63 a 

21 b 
9b 

oc 
oc 

18a 
la 

Range site 

Grazable Shallow Very Coarse 
woodland loamy shallow upland 

Ob Ob Ob Ob 
Ob Ob Ob Ob 

28 c SC 25 c 13 c 
10 abc 2c 14 ab 7 bc 

73 b 70 b 15C 14 c 
32b 25 b SC 8c 

133a <1 c 18b 4c 
51 a <1 c 11 b 2c 

oc 208 a 135 b 144b 
OC 74 ab 68 b 83 a 

17a Ob Ob Ob 
la Ob Ob Ob 

‘Means within a row without a common letter are different at p<O.OS. 

and 1982. Furthermore, 1980 was the only year all stock water 
locations retained water throughout the grazing season. 

Range Site Preference and Distance from Water Interaction 
Cattle preference for certain range sites changed as cattle utilized 

areas further from water (Table 4). Year and pasture also affected 
range site preference within and among zones because range site 
composition of zones away from water changed as watering areas 
became dry. Insufficient occurrences of W 1Sb sites beyond Zone 2 
precluded further analysis. Grazable woodland sites were more 
consistently preferred within 183 m than any other zone (Table 4). 
Use of VS sites was sporadic and tended to be either very high or 
zero. Associated preference ratings indicate that, as distance from 
water increased to between 366 m and 1,463 m, cattle at times 
exhibited preference for VS sites though no discernible trends were 
detected. 

Loamy sites consistently sustained the most use across pastures 

and year. Preference existed for LY sites up to 732 m from water. 
Consistent decreases in preference occurred beyond 732 m where 
LY sites occupied more severe topographic positions, though 
under certain conditions, these sites were still preferred (i.e.,>2,195 
m from water). 

Shallow loamy sites were not preferred at the pasture level; 
however, these sites were preferred under some year-pasture-zone 
combinations (Table 4). Generally, cattle displayed a greater pref- 
erence for SWLY sites in pasture Bl than pasture B3. Similarly, 
cattle did not prefer SWLY sites in pasture B3 within 732 m of 
water. Preference of SWLY sites within a zone was in part related 
to the range site composition of that zone. If a large proportion of 
a zone was CU or VS sites, then SWLY sites were usually preferred; 
however, if a larger proportion of the zone was SWLY, these were 
avoided. 

Preference ratings of CU sites within a zone were a function of 

Table 7. Simple correlations between observed ose, percentage of observed use, and intrinsic forage characteristics across and within months, 1982. 

Correlation 

Standing Crude CP Percent- Percent- 
Crop Protein Standing age of age of 
(SC) (CP) Crop (kg* Pasture Pasture HLSr LLST” HLSR’ LLSR’ 

(kg*ha-‘) (%) CP m-1’) SC CPSC scb (%)SCC SCb (%)SCC SCb (%)SCC SCb (%)SCC 

Across months (n=30) 
Observed AUD 
% Observed AUD 

By month (n=lO) 
JUNE 

Observed AUD 
% Observed AUD 

JULY 
Observed AUD 
% Observed AUD 

AUGUST 
Observed AUD 
% Observed AUD 

.51** .23 .56** .36*’ .42** .33* .21 .68* .69** .O5 -.03 .29 -.50** 
,479’ .07 .41** .35* .40+* .2-I .I7 .57*+ .60** .a7 .Ol -.25 -.48** 

39 .66** .56* .13 .23 .54 .50 .82** .98** -.06 -.07 
.38 .69’* .54 .I3 .23 .55 .55* .78** .96** -.03 -.06 

.68** 

.73- 
.60* .61* 
,678. .61* 

.70** 

.64** 
.33 .07 .78+* .72** .10 .03 
.38 .I1 .14** .66** .I8 86 

.61* 

.42 

-.I1 
-.05 

.I3 
-.02 

.61* .98 

.36 .44 
.49 .I8 
.42 -.02 

-.Ol 
-.I5 

.57+ -.52 

.32 -.31 
.lO -.lO 
.25 .14 

-.45 -.64** 
-.46 -66** 

-.19 -.42 
-.22 -.45 

-.21 -.43 
-.14 -.32 

**p<o.o5 
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Table 8 .Stepwise regression analysis of relationships between observed use, percentages of observed use, and intrinsic fOrw characteristics of range sites 
throughout the 1982 grazing season. P<.15 for selection or rejection. 

Model 

Growth Form Standing Crop (kg l ha-‘) 
Observed AUD 
n=30 r2=.61 P<O.Ol 

b’o bixl b&z b&s brX4 

53.71 + .85 LLSTZ + 537.81 PPCP - .62 LLSR 

9% Observed AUD .17 + .89 PPCP - .OOl LLSR 
n=30 r2=.44 KO.01 

Proportion of Standing Crop comprised 
of a growth form (To) 

Observed AUD 
n=30 r2=.73 P<O.Ol 

155.45 + 535.47 PPCP - 2.84 PHLSR - 3.48 PLLSR + 8.24 CP 

9% Observed AUD 
n=30 r2=.59 P<O.Ol 

.31 t .64PPCP - .003 PHLSR - ,004 PLLSR 

Ib.=intercept, b.=slope of variable n. 
2LLSEStanding crop of low leafxtem tufted forages. 
PPCP=Standing crop percent of pasture crude protein. 
LLSR=Standing crop of low Ieafzstem rhizonatous forages. 
PLLSR=Percentage of standing crop low leafzstem rhizomatous forages. 
PHLSP=Percentage of standing crop high leafzstem rhizomatous forages. 
CP=Average crude protein content (%) of the standing crop. 

zone, pasture, and year (Table 4). Coarse upland sites within 366 m 
of water in pasture B3 were generally preferred or selected as 
expected whereas in pasture Bl, CU sites were avoided. There was 
only 1 instance, Zone 5, 1980, where cattle preferred CU sites in 
pasture Bl. Except in 1980, cattle avoided CU sites beyond 366 m 
from water. 

Forage Attributes and Cattle Use of Range Sites 
Across and within dates in 1982, the standing crop (Kg l ha-‘) of 

preferred forages (PFSC) varied (P<O.O5) among range sites 
(Table 5 and Fig. 3). The PFSC on WLSB sites was greater, within 
and among dates, than on any other site. Whereas, the PFSC 
associated with VS and CU sites across dates was least. A signifi- 
cant date by range site interaction (PCO.08) (Fig. 3) was attributed 
to site specific changes in PFSC between July and August. Rank- 
ing of cattle preference for sites (Table 2) generally followed the 
same ranking as average PFSC (r. q  .9 n = 6 P<O. 10) with cattle 
preferring sites having greater PFSC. 

Crude protein standing crops (CPSC) (Kg l ha-‘) varied in a 
manner similar to PFSC across dates among range sites (Table 5). 
However, as evidenced by the absence of a date by range site 
interaction (Fig. 3), the seasonal dynamics of CPSC differed from 
PFSC. Overall, both PFSC and CPSC among sites became more 
similar as season advanced, though it was more pronounced and 
linear for CPSC. The rank correlation (r. = 1.0, n = 6, P<O.O5) 
between preference rank and CPSC rank was greater than for 
PFSC rank of a range site. 

Growth form composition of the PFSC was significantly 
(P<O.O5) different among sites across dates (Table 6). Preferred 
sites (WLSB, LY, and GW) had significantly (P<O.OS) greater 
standing crops and proportion of standing crops of MF, HLST, 
and HLSR, respectively, than nonpreferred sites. While nonpre- 
ferred sites had greater (PCO.05) amounts and proportions of 
LLSR forages. The amount and proportion of LLST on LY and 
GW sites were greater (P<O.O5) than CU and VS sites. However, 
there was no difference between GW and SWLY sites in the 
amount and composition of LLSR. 

Relationships between site use and site forage characteristics 
were temporally variable within and across time in the grazing 
season (Tables 7 and 8). Correlation and stepwise regression anal- 
yses were conducted after removal of WLSB sites and the MF 
growth variables because limited availability (<2% of the total 
land area) restricted expression of selectivity to short periods of 
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very high animal densities followed by long periods of low animal 
use. Seasonlong, site use (AUD and % AUD) was positively corre- 
lated to the amount and proportion of LLST standing crop, total 
PFSC, and crude protein standing crop (Table 7). The proportion 
of LLSR standing crop was negatively correlated with site use. 
Because significant (P<O.OS) autocorrelation existed between the 
standing crop of a growth form class and its associated proportion 
of PFSC, subsequent stepwise regression analyses were conducted 
utilizing either one or the other. Across dates (Table 8), models 
based on growth form porportion of standing crop accounted for 
more variation in observed use than models utilizing actual GF 
standing crop, though all models were significant (P<O.Ol). 
Approximately 73% and 59% of the variation in observed AUD 
and TO observed AUD, respectively, was explained by a combina- 
tion of growth form composition and crude protein variables. 

Relationships between forage characteristics and site use varied 
as a function of time into grazing season (Table 9). Generally, as 
season progressed, the relationships between PFSC, CPSC and 
growth form composition deteriorated as these forage characteris- 
tics become more similar across range sites (Fig. 3). Hence, the 
greatest positive correlations between site use and the amount and 
proportion of LLST forages and the crude protein content of the 
forage occurred in June when use was negatively correlated to the 
proportion of LLSR forages. By August the proportion of 
observed AUD was not correlated with any measured forage char- 
acteristic. Similarly June and July regression models accounted for 
more (R* = .72 - .99) variation in site use than did August models 
(R* = 0 - .34) (Table 9). 

Discussion and Conclusions 

Observed distribution patterns on this foothill range were the 
integrated end product of water availability, physiography, and the 
range site mosaic. Water distribution appeared to be the major 
factor affecting cattle utilization patterns. As Valentine (1947), 
Squires (1978), and Van Vuren (1982) observed, there was a signifi- 
cant curvilinear decrease in observed use away from water across 
years and pastures. Cattle expressed preference for areas within 
366 m of water and avoided areas beyond that. Gillen et al. (1984) 
reported comparable preference rankings from forested mountain 
range. 

Distinct temporal dispersion patterns away from water existed 
(Fig. 2). Except in 1981, cattle observations were concentrated 
within 225 m of water 3 to 4 weeks into a grazing season, then 
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Table 9. Stepwise regression analysis of relationships between observed use, percentage of observed use, and intrinsic forage characteristics of range sites 
by month. P<.15 for selection or rejection of a variable. 

JUNE 
Growth Form Standing Crop (kg/ ha-‘) 

Observed AUD 
n=lO rK82 P<O.Ol 

% Observed AUD 
n=lO r*=.72 P<O.O2 

Growth Form Composition (%) 
Observed AUD 

n=lO r*=.99 P<O.Ol 
% Observed AUD 

n=lO r*=.96 P<O.Ol 
JULY 
Growth Form Standing Crop (kg ha-‘) 

Observed AUD 
n=lO r*=.96 P<O.Ol 

% Observed AUD 
n=lO r*=.92 P<O.Ol 

Growth Form Composition 
(%) 

Observed AUD 
n=IO r*=.96 P<O.Ol 

% Observed AUD 
n=IO r*=.90 P<O.O 1 

AUGUST 
Growth Form Standing Crop (kg ha“) 

Observed AUD 
n=lO r*=.37 
% Observed AUD 

P<O.O7 

n=IO DO.15 
Growth Form Composition 
(%) 

Observed AIjD 
n=lO r2=.37 P<O.O7 

% Observed AUD 
n=lO BO.15 

204.86 

.2l 

-.522 

.005 

-152.90 

- .I8 

-207.07 

- .224 

-108.52 

No Model Selected 

-108.52 

No Model Selected 

4.73 LLST _ IO.10 TSCCP 

.004 LLST _ .OOl TSC 

I I .06 PLLST 3.23 TSCCP 

.Ol2 PLLST .004 TSCCP 

I.14 LLST 

.OOl LLST 

3.39 PLLST 

,001 TSC 

II.38 TSCCP 

I I .38 TSCCP 

+ 525.87 P/ .PSC .5308 TSC 

+ .49 PPSC BOO8 TSC 

+ 498.88 PPSCT .75 TSC 

+ .493 PPCP .003 PLLST 

‘b.=intercept, b.= slope of variable n. 
*LLST q  Standing crop of low leakstem tufted forages. 
PPCP = Standing crop percent of pasture crude protein. 
LLSR = Standing crop of low IeaEstem rhizonatous forages. 
PLLSR q  Percentage of standing crop low leafzstem rhizomatous forages. 
PHLSP = Percentages of standing crop high leafzstem rhizomatous forages. 

CP = Average crude protein content (%) of the standing crop. 

presumably as available forage was depleted (Bryant 1982), cattle 
made use of areas further from water. During drought in 1981, 
cattle dispersed from water sooner and to a greater extent than in 
either 1980 or 1982, indicating forage resources were depleted more 
rapidly. Common to all temporal dispersion patterns was increased 
variation about weekly means of distance from water that was 
associated with increased formation of sub-herd units. Unlike 
Squires (1980), however, there was no evidence that groups of 
walkers and nonwalkers formed, because animals were observed to 
move freely among sub-herds. 

were not physiographically constrained to these sites and a greater 
diversity of plant communities (range sites) existed within water 
and slope accessible zones. Furthermore, WLSB sites in this study 
were associated with ‘ephemeral streams and were neither as exten- 
sive or well developed as similar sites along perennial streams 
(Roath and Krueger 1982b). Hence, cattle use was intense for short 
time periods followed by extended periods of low animal densities. 

The intolerance cattle have for moderate to severe slopes (Van 
Vuren 1982, Gillen et al. 1984) was reflected in the spatial distribu- 
tion of observed use on this foothill range. Over 3 grazing seasons 
cattle preferred areas with less than 4% slope. Sensitivity of cattle 
to slope is most pronounced in foothill and mountain regions 
(Mueggler 1965, Roath and Krueger 1983a, Gillen et al. 1984) 
though patterns of utilization by cattle on any landscape having 
significant topographic diversity will be influenced by slope 
(Moorefield and Hopkins 1951, Mackie 1970, Martin and Ward 
1970). 

Cattle preference for WLSB, LY, and GW sites was a complex 
function of forage production (Gillen et al. 1984, Hunter 1962), 
forage composition (Hunter 1962, Herbel et al. 1967, Senft et al. 
1985), physiography (Cook 1966, Mueggler 1965), and season 
(Moorefield and Hopkins 1951, Stuth and Winward 1977, Salter 
and Hudson 1980). 

Cattle demonstrated consistent preferences for range site types 
across pastures and years. Wetland and subirrigated sites, analo- 
gous to meadow types reported by Roath and Krueger (1982a, 
1982b) and Gillen et al. (1984, 1985), were most preferred; how- 
ever, the proportion of observed use was less than reported by these 
authors. Unlike mountain landscapes, cattle on this foothill range 

Severe topographic positioning was the major factor limiting 
cattle access to CU and VS sites. Across years, the variation in 
observed use among sites was partially a function of distance from 
water. In this study, there was a tendency for SWLY sites to sustain 
more relative use as cattle grazed areas beyond 1,000 m from water. 
Concurrently, relative preference for GW sites declined beyond 
1,000 m. Similarly, cattle preference for LY sites tended to decline, 
but was quite variable (i.e., preference beyond 2,700 m), as distance 
from water increased beyond 700 m. We attribute these changes in 
preference relationships with increasing distance from water to 
SWLY sites generally being the dominate site on slopes <lO% at 
distances beyond 1,000 m from water. 
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Assuming beef cattle attempt to maximize net energy (nutrient) 
capture (Senft et al. 1987), there should be a relationship(s) 
between intrinsic forage characteristics of range sites and site use 
(Hodder and Low 1978). Though forage characteristics of sites 
were measured only in 1982, we believe these were representative of 
the relative differences among sites over the study period. Sites 
receiving the most observed use also had greater average PFSC 
and CPSC than sites receiving less use, in agreement with Gillen et 
al. (1984), Miller and Krueger (1976), and Senft et al. (1985). 
Season-long indices of site use were significantly correlated to SC, 
CPSC, and abundance of LLST and LLSR growth form forages. 
Across the 1982 grazing season, more variation in actual and 
percent observed use was accounted for by a combination of 
growth form, standing crop, and crude protein variables. Though 
we do not propose cattle have euphagic wisdom, we interpret these 
results to indicate that not only is absolute forage standing crop an 
important characteristic for site preference but also the chemical 
and growth form composition of that standing crop as these affect 
caloric density of the diet. These results are consistent with the 
hierachial landscape utilization hypothesis forwarded by Senft et 
al. (1987). 

Seasonal changes in the magnitude of correlations and predic- 
tive capability of regression models between site use and site forage 
attributes indicate a degeneration of these relationships by the end 
of the grazing season. These results are interpreted to suggest that 
as forage resources among sites became more similar, in terms of 
PFSC and CP, there was insufficient energetic advantage to cattle 
for discrimination among range site types. Again, these findings 
would be consistent with the hypothesis of Senft et al. (1987) 
concerning forage based cues. 

Based on these and previously published results, we concluded 
uniform cattle dispersion across foothill and mountain landscapes 
is first constrained by the spatial distribution of water and physio- 
graphic complexity. Subsequently, within existing dispersion con- 
straints cattle utilize available plant communities based upon 
intrinsic forage characteristics that vary temporally. Finally, sea- 
sonal cattle use of extant foothill complexes can be predicted 
reasonably well from intrinsic forage characteristics. 
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Rangeland experiments to parameterize the water erosion 
prediction project model: vegetation canopy cover effects 
J.R. SIMANTON, M.A. WELT& AND H.D. LARSEN 

Abstract 

The Water Erosion Prediction Project (WEPP) is a new water 
erosion prediction technology being developed by the USDA- 
Agricultural Research Service to replace the Universal Soil Loss 
Equation. Rangeland field experiments were designed to parame- 
terixe the WEPP rangeland erosion model. Included in the field 
experiments were plot treatments designed to separate direct from 
indirect effects of vegetation canopy on runoff and soil erosion. 
Nine rangeland sites from a wide range of soil and vegetation types 
were evaluated using rainfall simulation techniques. Natural ver- 
sus clipped treatment surface characteristics and runoff and ero- 
sion responses were compared using regression analyses. These 
analyses showed that there were no significant differences between 
natural and clipped plot surface characteristics, runoff ratios, final 
infiltration rates, or initial rainfall abstractions. Erosion rates were 
different between treatments with the clipped plots having slightly 
less erosion than the natural plots. Results indicated that, under 
the rainfall conditions simulated, canopy cover was not directly 
contributing to initial abstractions through rainfall interception 
loss or significantly affecting runoff or erosion. 

Key Words: soil loss, infiltration, runoff, interception losses, rain- 
fall simulation 

Rangeland vegetation parameters are important components in 
many hydrologic and erosion models. Vegetation parameter 
impacts to these models range from modifying soil moisture con- 
tent as a function of plant water use (Wight 1983, Williams and 
Renard 1985) to dissipating rainfall energy by canopy cover inter- 
ception (Wischmeier and Smith 1978). In 1985 the United States 
Department of Agriculture (USDA) initiated the Water Erosion 
Prediction Project (WEPP) (Foster 1987) to develop a process- 
based erosion prediction technology to replace the Universal Soil 
Loss Equation (Wischmeier and Smith 1978). 

Vegetation parameters affect many WEPP erosion model com- 
ponents that are temporally updated: soil water content, soil sur- 
face cover, random and hydraulic roughness, and above and below 
ground biomass. The WEPP model will be parameterized from 
data collected over a 2-year period from both crop and rangeland 
sites throughout the United States. The WEPP rangeland field 
experiments were conducted over a wide range of soil/ vegetation 
associations to develop relationships among rangeland soil proper- 
ties, vegetation, land use, infiltration, runoff, soil erodibility, and 
soil loss. Included in the WEPP rangeland experimental design 
were treatments to determine soil erodibility adjustments to 
account for direct effects of vegetation canopy cover. 

Numerous studies have been conducted to determine the role of 
vegetation canopy cover in runoff and erosion processes on range- 
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lands (e.g., Dadkhah and Gifford 1980, Branson et al. 1981, Black- 
bum et al. 1982). Results from many of these studies have been 
inconsistent because interactions of vegetation canopy cover and 
soil properties could not be separated with the experimental 
procedures used. Gifford (1978), using infiltrometer data from 
natural plots in Utah, found that canopy cover could account for 
up to 70% of the variance in coefficients of 3 infiltration equations. 
He assumed, however, that canopy cover, bare soil, soil bulk 
density, and total soil porosity were independent variables in his 
multiple regression analysis. The question remains: Does the can- 
opy cover directly affect runoff and erosion or are the indirect 
effects associated with canopy cover such as increased litter cover, 
soil macro-porosity, soil organic matter, soil structure or reduced 
soil compaction the dominating factors? Busby and Gifford (198 1) 
conducted experiments that separated canopy cover’s direct and 
indirect effects on infiltration and erosion. They found that clip- 
ping crested wheatgrass (Agropyron cristatum) on a sandstone- 
derived soil in southeastern Utah had no measurable affect on 
infiltration or sheet erosion rates. Johnson and Blackburn (1989), 
reported similar differences in average runoff and soil loss between 
natural and clipped treatments from sagebrush sites in Idaho. 
Their work, using the same experimental procedures developed for 
WEPP, was a direct contribution to the WEPP effort but their 
results were not used in our analysis. 

The objective of this paper is to evaluate the direct effect of 
vegetation canopy cover on runoff, infiltration, and erosion as 
measured over a wide range of vegetation types, rangeland soils, 
and soil surface and canopy covers. 

Methods and Study Sites 

The WEPP rangeland field experiments used rainfall simulation 
on large plots to produce runoff, infiltration, and erosion data 
from 24 rangeland sites at 16 locations throughout the western 
United States. Cooperative studies among Agricultural Research 
Service (ARS) locations in Tucson, Ariz., and Boise, Idaho, and 
Utah State University in Logan, Utah, have contributed to the 
WEPP rangeland data base. Inputs from Soil Conservation Ser- 
vice (SCS), Forest Service (FS), Bureau of Land Management 
(BLM), and university range specialists were obtained to aid in 
selection of range sites that represented a wide range of soils and 
vegetation types. 

Data from 9 of the 20 WEPP rangeland sites evaluated by the 
Tucson location were used in the analyses made in this paper 
(Tables 1 and 2). The excluded sites either had been clipped in the 
spring and fall for 3 to 5 years or did not have the clipped treatment 
(the site was grazed to less than 20 mm canopy height). 

The rotating boom rainfall simulator (Swanson 1965) used in 
these experiments is trailer mounted and has ten 7.6 m booms 
radiating from a central stem. The booms supported 30 V-Jet 
80100 nozzles positioned at various distances from the stem. The 
nozzels spray continuously downward from an average height of 3 
m, move in a circular path over the plots and apply rainfall intensi- 
ties of approximately 65 mm/ hr with drop.-size distributions sim- 
ilar to natural rainfall. Intermittent rainfall impulses are produced 
at the plot surface as the booms pass over the plot. Raindrop 
impact energies are 77% of those of natural rainfall and rainfall 
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Table 1. Latitude, longitude, elevation, average annual precipitation, frost free period (FFP) and aspect of rangeland sites. 

Code 

Dl 
El 
E3 
E4 
E5 
Fl 
GI 
Hl 
Kl 

Location 
Chickasha, OK 
Ft. Supply, OK 
Ft. Supply, OK 
Freedom, OK 
Freedom, OK 
Sidney, MT 
Meeker, CO 
Cottonwood, SD 
Susanville, CA 

Lat. Long. Elcv. Ppt. FFP 
(N) (W (M) (mm) (days) 

35 05 97 47 380 800 210 
36 37 99 35 640 630 200 
36 37 99 35 640 630 200 
36 52 99 08 550 650 200 
36 52 99 08 550 650 200 
47 50 104 I6 610 360 120 
40 14 I08 34 1760 200 90 
43 51 101 52 745 390 130 
40 31 120 37 1770 380 100 

spatial distribution over each plot had a coefficient of variation of 
less than 10%. Six nonrecording raingages are used on each plot to 
measure rainfall amounts and distribution. A recording raingage 
was placed between paired plots to measure rainfall intensity (Fig. 
1). Plot treatments consisted of natural and clipped (canopy 
clipped to 20 mm height and clippings removed). Natural plot data 
were used to develop erosion, runoff, and infiltration relationships 
among types and degrees of vegetation and soil surface covers. The 
clipped plot data were used to separate canopy cover effects from 
soil surface cover effects on runoff and erosion. The clipped treat- 
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Fig. 1. Schematic of plot pair layout showing path of nozzles and location 
of recording and nonrecording r8inpges. 
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ment was not intended to simulate grazing or long term canopy 
cover removal effects. 

A 30-min rainfall simulation (65 mm/ hr) was made on each plot. 
Twenty-four hours prior to this simulation the plots were prewet to 
field capacity soil moisture conditions using a 60-min rainfall 
simulation (65 mm/hr). Rainfall simulations were made in the 
spring and summer of 1987 and 1988 except at site Kl when a fall 
1987 evaluation was made. 

At each rangeland site there were 2 plots of each treatment 
except sites E3, E4, E5, and Kl, which had only 1 clipped plot. 
These 4 sites were limited in area, and suitable plot locations could 
not be found. Each plot was 3.05 m wide by 10.7 m long with the 
long axis parallel to the slope. This size was needed to reduce the 
ratio of plot border to the total plot area and to evaluate rill erosion 
and sediment transport and deposition associated with sheet and 
concentrated flow. The plots were paired so 2 plots were evaluated 
simultaneously (Fig. 1). 

Metal sheets, 15 cm wide, were used to form the sides and upper 
end of each plot. The sheets were inserted 3 cm into the soil creating 
a 12 cm high border. The downslope end of the plot had a 20 cm 
wide metal sheet, with a sill plate formed on the upper edge, 
inserted into the soil so that the sill plate was flush with the soil 
surface. Runoff and sediment from the plot were diverted into a 
runoff measuring flume by troughs mounted below the sill plate. 

Plot runoff was measured with a precalibrated runoff measuring 
flume that was set at the plot trough exit. Flow depths in the flume 
were continuously recorded by a pressure. transducer bubble gage. 
Time to ponding, initial and ending runoff times were noted on 
field data sheets. Hydrographs were produced using the flume’s 
depth/discharge rating table and then integrated to determine plot 
runoff volumes and rates. 

During runoff, periodic water/ sediment samples (1 liter) were 
manually collected from the flume’s exit. Sampling intervals 
depended on hydrograph shape, with l-2 min intervals between 
samples on the rising and falling portions of the hydrograph and 
longer intervals during runoff equilibrium. Sedigraphs were pro- 
duced by comparing sediment concentrations to the hydrograph 
and integrated to produce sediment yields. 

Table 2. Major land resource area (MLRA), plant community, percent canopy cover, range site and range condition of rangeland sites. 

Code 

Dl 
El 
E3 
E4 
E5 
FI 
Gl 
Hl 
Kl 

MLRA Plant Community 

80A Tallgrass Prairie 
78 Mixcdgrass Prairie 
78 Mixedgrass Prairie 
78 Mixedgrass Prairie 
78 Mixedgrass Prairie 
54 Mixedgrass Prairie 
34 Salt Desert Shrub 
63A Mixedgrass Prairie 
21 Great Basin Shrub Stcepe 

Percent canopy cover Range site 

50 Loamy Prairie 
36 Dune 
39 Dune 
89 Loamy Prairie 
38 Loamy 
23 Silty 
58 Clayey Slopes 
38 Clayey 
39 Loam 

Range condition 

Good 
Good 
Excellent 
Excellent 
Fair 
Good 
Good 
Excellent 
Good 
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Fig. 2. Comparison of natural and clipped plot litter and bare soil cover, random roughness, and slope with regression equation and best fit line, 
coefficient of determination (IV) and 95% confidence intervals (CL). 

After consultation with land owners and/ or operators, prior and 
current land use (i.e., grazed, nongrazed, and type of grazing 
animal) were recorded for each site. The SCS personnel provided 
range site descriptions and range condition classification each year 
at the time simulations were made. 

Plot ground surface and canopy cover were characterized by 
using a vertical 49 pin-point frame before and after plot treatment. 
For each point, 2 characteristics were measured: canopy cover and 
ground surface cover. There were 10 transects per plot for a total of 
490 ground surface points and a possible 490 canopy cover points 
(Simanton and Renard 1982). Canopy cover was determined as the 
first aerial contact of vegetation as the pin was lowered to the 
ground surface. Ground surface cover characteristics included: 
bare soil, gravel and rocks (>5 mm), litter, cryptogams, and plant 
basal cover. To minimize soil surface disturbance or compaction 
and prevent trampling of plants during plot characterization, an 
elevated metal walkway was placed across the plot. 

Soil moisture content was determined gravimetically from com- 

posite soil moisture samples taken at the O-5 cm depth and from 5 
cm to wetting front or 20 cm depth, whichever was less. Plot 
random roughness was determined only in 1988 using a 21-pin 
point frame with pins spaced 9 cm apart (Kincaid and Williams 
1966). Ten transects were taken horizontally across the plot for a 
total of 210 readings. The standard deviation of pin heights (mm) 
across each transect was averaged among transects to give a plot 
random roughness index. 

Even though there was considerable effort in the site selection 
process to ensure homogeneity in soil and vegetation properties, 
variability within the site can occur (Devaurs and Gifford 1984). 
Comparisons of natural and clipped plot characteristics of percent 
litter, exposed soil, slope, and random roughness were made to 
strengthen the assumption that each site was homogeneous and 
that canopy cover differences (natural vs. clipped) would account 
for differences in runoff and erosion responses. 

Although run times and rainfall intensities were to be the same 
for each rainfall simulation and plot, water supply and wind prob- 
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lems sometimes caused different rainfall volumes to be applied. To 
account for these application differences in comparing plot runoff 
responses, a runoff ratio (Q/P) was determined for each plot by 
dividing total runoff volume (Q) by total rainfall volume (P) ap- 
plied during the simulation. Erosion rates (Kg/ha/Qmm) were 
calculated by dividing the plot total sediment yield by the total 
runoff volume. Final infiltration rate (mm/ hr) was the difference 
between the rainfall rate and equilibrium runoff rate. Initial rain- 
fall abstraction (mm) was calculated as the rainfall volume applied 
to the plot before runoff occurred. Initial infiltration rate was 
calculated as the difference between the rainfall rate (mm/ hr) and 
the runoff rate 5 minutes after runoff began. Comparisons of 
runoff ratios, erosion rates, initial and final infiltration rates, initial 
rainfall abstraction, soil moisture content, and plot surface charac- 
teristics between paired natural and clipped plots were made using 
linear regression analysis and the corresponding 95% confidence 
interval of the regression line slope and intercept. 

Except for comparisons of random roughness, soil moisture, 
and plot slope, 21 natural/clipped pairs were available for compar- 
ison in the regression analysis. Random roughness was measured 
only in 1988 so there were only 7 pairs available. Soil moisture data 
were lost for site Gl thus giving only 19 pairs for comparison. Plot 
slopes did not change between 1987 and 1988 so the plots reevalu- 
ated in 1988 were not included in the slope comparisons. 

Rangeland Sites 
Tables 3 and 4 detail the soil and vegetation types of the 9 

rangeland sites. evaluated. Five sites were selected in Oklahoma 

Table 3. Soil series, chssitication and texture of rangeland sites. 

Code Soil series 

Dl Grant 

Soil classification 

Fine-silty, mixed, thermic 
Udic Argiustoll 

Soil texture 

Loam 

El Pratt Sandy, mixed, thermic 
Psammentic Haplustalf 

Loamy fine sand 

E3 Tivoli Mixed, thermic, Typic 
Ustipsamment 

Fine sand 

E4 Woodward Coarse-silty, mixed, thermic, Very fine sandy 
Typic Ustochrept loam 

ES Woodward Coarse-silty, mixed, thermic, Very fine sandy 
Typic Ustochrept loam 

Fl Vida Fine-loamy, mixed Typic Loam 
Argiboroll 

Gl Degater Fine, mixed, mesic Silty clay 
Typic Camborthid 

HI Pierre Very-fine, montmorillonitic, CbY 
mesic Typic Torrent 

Kl Jauriga Fine-loamy, mixed, mesic Gravelly sandy 
Typic Argixeroll loam 

and represent grass and shrub prairies of the Great Plains. The site 
near Chickasha (Dl) is typical of native tallgrass prairie and had 
been lightly grazed prior to the 1987 evaluation and moderately 
grazed prior to the 1988 evaluation. The site is located on ARS 
watershed R-5 which has been used for extensive hydrologic and 
erosion studies (Sharma et al. 1980). The 2 sites at Ft. Supply (El 
and E3) are on the ARS Ranch Horse pasture and represent 
different range conditions on mixedgrass prairie that had inter- 
mixed brush (See Rhoades et al. 1964 for additional description). 
The sites are less than 1 km apart and both had been grazed. Two 
sites at Freedom (E4 and E5) were adjacent to one another separ- 
ated only by a fence. E4 had not been grazed in over 10 years and 
was in an excellent range condition class. E5 had been continu- 
ously heavily grazed and was classified as fair range condition. The 
site near Sidney, Mont., (Fl) had been lightly grazed and repres- 
ents rangelands whose soil surface cover includes large amounts of 
club mosses. The salt desert shrub site near Meeker, Colo., (Gl) 
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Table 4. Common and scientific names of major vegetation species of 
rangeland sites. 

Code Common name Genus Species & Author 

Dl 

El 

E3 

E4 

E5 

Fl 

Gl 

HI 

Kl 

Little bluestem Schizochyrium 
Indiangrass Sorghastrum 
Switchgrass Panicum 
Sideoats grama Bouteloua 
Sand lovegrass Eragrostis 
Sand paspalum Paspalum 
Blue grama Bouteloua 
Sand sage Artemisia 
Sand lovegrass Eragrostis 
Sand paspalum Paspalum 
Blue grama Bouteloua 
Camphor weed Heterotheca 
Spiderwort Tradescantia 
Switchgrass Panicum 
Sand sage Artemisia 
Little bluestem Schizachyrium 
Sunnel bluestem Andropogon 
Indiangrass Sorghastrum 
Sideoats grama Bourelo.ua 
Hairy grama Bouteloua 
Silver bluestem Bothriochloa 
Dense clubmass Selaginelfa 
Blue’grama Bouteloua 
W. wheatgrass Agropyron 
Needle & thread Stipa 
W. wheatgrass Agropyron 
Salina wildrye Elymus 
Wy. big sage- Artemisia 

brush 
Shadscale Atriplex 
W. wheatgrass Agropyron 
Green needle- Stipa 

grass 
Globemallow Sphaerolcea 
Idaho fescue Festuca 
Squirmhail Sitanion 
Wolly mules Wyethia 

ears 
Big sagebrush Artemisia 

scoparium (Michx.) Nash 
nutans (L.) Nash 
virgatum L 
curtipendula (Michx.) Torr 
trichodes (Nutt.) A. Wood 
srramineum (Michx.) Nash 
gracilis (H.B.K.) Lag 
filifolia Torr 
rrichodes (Nutt.) A. Wood 
srramineum (Michx.) Nash 
grocilis (H.B.K.) Lag 
subaxilloris (Lam.) Britt. 19 Rusby 
occidentalis (Britton) Symth 
virgatum L 
jilifolia Torr 
scoporium (Michx.) Nash 
Hallii Hack 
nutans (L.) Nash 
curtipendula (Michx.) Torr 
hirsuta Lag 
saccharoides (Swartz) Rybd 
densa Rybd 
gracilis (H.B.K.) Lag 
Smithii Rydb 
comata Trin. & Rupr 
Smithii Rybd 
salinus M.E. Jones 
tridentata Nutt 

confertifofia (Torr. & Frem) Wats 
Smithii Rydb 
viridula Trin 

coccinea (Pursh) Rydb 
idahoensis Elmer 
hysrrix (Nutt) J.G. Smith 
mollis Gray 

tridentata Nutt 
Rabbitbrush Chrysothamnus viscidtyorus (Hook) Nutt 
W. needlegrass Sripa Occidentalis Thurb. ex S. Wats 

had not been grazed within a year of the evaluation. This site 
represents a rangeland soil that is susceptible to rill formation. The 
grassland site near Cottonwood, S.Dak., (Hl) was lightly grazed 
prior to 1987 and moderately grazed prior to the 1988 evaluations. 
The site is located on the Range and Livestock Experiment Station 
operated by the South Dakota State University at Brookings (see 
Hanson et al. 1978). The brush site (Kl) in the BLM’s Eagle Lake 
Resource Area was about 45 km north of Susanville, Calif. The site 
had not been grazed for 1 year prior to evaluation. 

Results 

Plot characteristic comparisons of litter, bare soil, random 
roughness, and slope are shown in Figure 2. The regressions of 
these comparisons have line slope coefficients of nearly 1.0 and 
relatively small intercepts. Confidence interval tests at the 95% 
level showed that in all plot characteristic comparisons the regres- 
sion intercept was not different than zero and the regression slope 
was not different than one, indicating that measured plot charac- 
teristics were not significantly different between the 2 treatments. 
Similar regression results were found for runoff ratios, final infil- 
tration rates, soil moisture contents, initial abstractions, and initial 
infiltration rates (Fig. 3). Erosion rates between the natural and 
clipped plots were different (Fig. 3). Though the intercept of the 
erosion rate comparison was not different from zero, the regression 
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line slope was different from 1. The regression line slope of less 
than 1 and the relatively small intercept indicate that the clipped 
plots had an erosion rate less than the natural plots. 

The 2 relatively large runoff ratios in Figure 3 are from site Dl 
for the 1987 evaluations and cannot be explained by analysis of 
data collected at the site. The 1988 evaluation of this site produced 
runoff ratios of around 209$0 those found in 1987 with 1 of the 
natural plots in 1988 having a runoff ratio nearly 5 times that of its 
companion clipped plot. The initial abstraction graph in Figure 3 
shows 2 distinct groupings of points. The high initial abstractions 
were associated with sites with either very porous soil (El and E3) 
or had been lightly or ungrazed 2 or more years prior to our 
evaluations (E4 and 1987 H 1). The 2 extreme erosion rate points on 
the erosion rate graph in Figure 3 represent erosion rates from the 
Gl site. These relatively high erosion rates were ascribed to rill 
erosion. This site was the only site with noticeable rills on the plots 
before and after the rainfall simulations. Meyer et al. (1975) found, 
in rainfall simulation studies on tilled 6% sloped plots, that rilled 
plots produced about 3.4 times the soil loss as nonrilled plots. The 
Gl plots, sloped at 9 to 11% produced 3.3 times the average 
erosion rate of comparably sloped plots at other sites evaluated 
(sites Fl and Kl). 

Discussion 

The assumption of site homogeneity is reinforced by the compar- 
isons made of litter, exposed soil, slope, and random roughness. 
The similarity in soil moisture eliminates moisture effects and helps 
isolate the canopy cover effects. Factors not quantified such as 
distribution of vegetation and ground surface cover on each plot 
could have an effect on plot runoff and erosion response. Because 
plot treatments were randomly imposed at each site, these effects 
should also be random and not be. biased for either treatment. 

Final infiltration rate is not only a function of soil properties and 
ground surface cover but also a function of rainfall application 
rate. If, in a rainfall simulation under field capacity soil moisture 
conditions, application rate does not substantially exceed the infil- 
tration rate, runoff equilibrium may not occur or occur late in the 
rainfall simulation. This would indicate that the final infiltration 
rate was being limited by the application rate rather than inherent 
soil properties. This was the situation at sites El and E3 where 
runoff did not occur during the simulation and the infiltration rates 
for these soils have been reported to range from 55 to 270 mm/ hr 
(Rhoades et al. 1964). Runoff equilibrium during our rainfall 
simulations was usually reached 10 to 15 minutes into the 30- 
minute run. This relatively short period to reach runoff equili- 
brium indicates that soil properties were controlling the final infil- 
tration rate and rainfall application rate was not limiting. 

Initial rainfall abstractions are a function of the soil initial 
infiltration rate, surface roughness and storage, and interception 
losses to vegetation canopy (USDA, SCS 1972). These abstrac- 
tions were nearly identical for the natural and clipped plots as 
indicated by the very low intercept (-0.84) and 0.99 regression 
slope. Though infiltration rate affects initial abstractions, compa- 
risions of initial infiltration rate indicated that there were no differ- 
ences in the rate between the natural and clipped plots. There was no 
difference in litter, bare soil, random roughness, or initial abstrac- 
tions between treatments. As a result, it can be inferred that inter- 
ception loss to canopy cover was not a significant component to 
initial abstraction. Interception losses are more significant under 
conditions of lower rainfall intensities and amounts than those 
used in this study (Thurow et al. 1987). 

The significance of canopy cover in erosion prediction models is 
small compared to ground surface cover (Table 10, Wischmeier 
and Smith 1978). Canopy cover’s direct influence on erosion is 
through its dissipation of raindrop energy with the magnitude of 

this influence dependent on the ground surface condition found 
under the canopy. The larger the percent bare soil under the 
canopy the larger the canopy cover effect (Wischmeier and Smith 
1978). Percent bare soil on the rangeland natural and clipped plots 
averaged 30.6% and of this total, only 8% was under canopy. 
Under this condition and assuming only bare soil would be de- 
tached by raindrops, the clipped plot sediment yield would not be 
significantly affected by the soil eroded from the now canopy-free 
bare soil that was once under the canopy. Khan et al. (1988) found 
that as canopy cover height increased from 0.25 m to 1 .O m, the 
erosion rate also increased. In our study, the clipped plots had a 
canopy height of 0.02 m and the natural plots’canopy height could 
be as great as 1 m. This may explain the slightly greater erosion 
rates from our natural plots. 

Conclusions 

The clipped treatment in the WEPP rangeland experiments was 
designed to separate interacting relationships among vegetation 
canopy cover and runoff, infiltration, and erosion into direct and 
indirect effects. Because the same procedures, plot size, and rainfall 
simulator were used in the WEPP rangeland field experiments, the 
unique data set allows direct comparisons of runoff and erosion 
responses over a wide variety of rangeland conditions, soils and 
vegetation types. Data from the WEPP rangeland experiments 
represent a wide range of soils and vegetation types and can pro- 
vide a better understanding of the processes involved in vegeta- 
tion/runoff/erosion interactions. 

Comparisons made in this paper indicate, that under simulated 
rainfall conditions and soil and vegetation types evaluated, canopy 
cover has little direct effect on runoff, infiltration, initial abstrac- 
tions, and erosion rate. Canopy cover’s direct contributions to 
interception losses and soil surface protection from raindrop 
impact are not large in rangeland runoff and erosion responses. 
Indirect canopy cover effects such as desirable levels of soil struc- 
ture, organic matter, and surface litter (Wilcox et al. 1988) are 
important contributors to rangeland productivity and soil and 
water conservation. 
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Use of stochastically generated weather records with range- 
land simulation models 
J.R. WIGHT AND C.L. HANSON 

Abstract 

We compared long-term historical and stochastically generated 
wedher records in terms of their statistical attributes and effects on 
herbage yield and runoff forecasts calculded from model simula- 
tions. The historical and synthetic air temperature and solar radia- 
tion records were in good agreement in terms of monthly means 
and extremes. The synthetic precipitation record failed to simulate 
extreme precipitation events which significantly reduced fore- 
casted runoff values. Yield forecasts were similar using either 
historical or synthetic weather records. 

Key Words: forage yield model, rangeland simulation model, sto- 
chastic weather generation, yield forecast, hydrology model 

Rangeland simulation models such as SPUR (Simulation of 
Production and Utilization of Rangelands) (Wight and Skiles 
1987) and ERHYM (Ekalaka Rangeland Hydrology and Yield 
Model (Wight and Neff 1983, Wight 1987) have been developed as 
tools for both research and management. As management tools, 
they can be used to predict hydrologic, plant, animal, and/or 
economic responses to environmental changes and management 
inputs. Long-term simulations provide a means for making man- 
agement decisions by evaluating and comparing management 
options in terms of their impact on livestock production and site 
stability. Through stochastic processes, model outputs can be 
bracketed within levels of probability of occurrence (Wight et al. 
1984). 

A major limitation to the application of natural resource simula- 
tion models is the lack of long-term weather records, especially for 
remote areas. To overcome this limitation, stochastic procedures 
like those described by Larsen and Pense (1981), Nicks and Harp 
(1980), Richard (1981), and Richardson and Wright (1984) 
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have been used to generate daily weather records that are statisti- 
cally comparable to historical records for the same location. Model 
simulations using synthetic weather records have been used suc- 
cessfully to develop crop yield forecasts (Arkin et al. 1980, 
Richardson 1985). 

T’he purpose of this paper is to compare a long-term historical 
weather record with 2 synthetic weather records in terms of their 
statistical attributes and their effect on herbage yield and runoff 
forecasts calculated from rangeland model simulations. 

Material and Methods 

The historical weather record used in this study is from Mandan, 
N.Dak. It includes 71 years (1914-1984) of daily precipitation and 
maximum and minimum air temperatures. Solar radiation data 
were available for only 1954 through 1984. Thus it was necessary to 
use synthetic solar radiation data with the historical precipitation 
and temperature weather record. Previous work has shown that 
outputs from the rangeland model used in this study are little 
affected by use of synthetic solar radiation values (Wight and Neff 
1983, Wight 1987). The 3 1 years of historical solar radiation data 
were used to calculate the parameters used to generate the 71-year 
record. 

The historical record is representative of the Northern Great 
Plains. The climate is semiarid with long cold winters, hot 
summers, and an erratic precipitation pattern. The native vegeta- 
tion is classified as mixed prairie (Weaver and Clements 1938) with 
blue grama (Bouteloua gracilis), western wheatgrass (Agropyron 
smithii), thread leaf sedge (Carexfilifolia), and needle and thread 
(Stipa comata) as the dominate species (Rogler 1951). 

Synthetic Weather Record 
Synthetic weather records were generated with the climate 

generator model CLIMGN described by Richardson et al. (1987). 
CLIMGN is based on procedures developed by Richardson (1981) 
and a computer program described by Richardson and Wright 
(1984). A first-order Markov chain is used to generate the occur- 

JOURNAL OF RANGE MANAGEMENT 44(3), May 1991 



rence of wet or dry days. For wet days, the two-parameter gamma 
distribution is used to generate precipitation amounts. Air temper- 
atures and solar radiation generation are based on the weakly 
stationary generating process described by Matalas (1967) and are 
conditioned by the occurrence of wet and dry days. In this study, 
CLIMGN was modified to use monthly means with standard 
deviations rather than coefficients of variation for generating daily 
maximum and minimum temperatures because during winter 
months, some of the means become very close to zero which result 
in unrealistic coefficient of variation values. 

We generated two 71-year synthetic records for comparison with 
the historical record (HISWR). One synthetic record (TSGEN) 
was composed of historical precipitation data and generated max- 
imum and minimum air temperatures and solar radiation. In the 
other synthetic record (ALLGEN), precipitation, air temperatures 
and solar radiation were generated. In TSGEN, the generation of 
air temperatures and solar radiation were conditioned on the 
occurrence of wet and dry days in HISWR. Precipitation and 
average temperature means for the historical and synthetic records 
were compared using a f-test. 

Parameters for the CLIMGN model were calculated from the 
last 20 years of HISWR using the GENPAR program as described 
by Skiles et al. (1987). In this study, the last 20-year period of 
HISWR was considered as a short-term record from which a 
long-term synthetic record could be generated. If a short-term 
record is not available for the location of interest, published 
parameter values are available (Richardson et al. 1987). These 
parameters, however, were developed from weather records of 
representative cities throughout the United States and may not be 
adequate for all locations because of elevation or other local condi- 
tions. When available, weather data from the location of interest 
are the best source of information. 

To help determine the length of the weather record needed for 
developing parameters for CLIMGN, we examined the effect of 
record length on the annual mean values of precipitation, air 
temperature and solar radiation. These annual means are used by 
CLIMGN to determine the mean annual amounts of precipitation 
and mean annual temperatures of the generated weather record. 
Moving IO-, 20-, and 30-year means were calculated from HISWR. 
For example, 1914-1923 is one IO-year period; 19151924 is 
another; and so on. This procedure was used to identify all possible 
lo-, 20-, and 30-year periods in the 71-year HISWR. 

Model Simulation 
We used the Ekalaka Rangeland Hydrology and Yield Model 

(ERHYM) (Wight and Neff 1983) in this study. ERHYM is a 
climate, water-balance model that provides daily simulation of soil 
water evaporation, transpiration, soil water routing and runoff for 
individual range sites. Herbage yield is computed annually at peak 
standing crop as the product of the actual to potential transpira- 
tion ratio and the site yield potential. ERHYM calculates infiltra- 
tion and runoff from daily rainfall using a modified curve number 
method as described by Williams and LaSeur (1976). Evapotrans- 
piration, soil water routing, and herbage yield calculations are 
from Wight and Hanks (1981). 

Forecasts of peak standing crop herbage yields and runoff based 
on initial soil water conditions were calculated using the HISWR, 
TSGEN, and ALLGEN weather records. Forecast values were 
determined by running the model for 71 years and calculating the 
means and standard deviations of the annual yield and runoff 
values (Wight et al. 1984). Five levels of initial soil water content 
were used in the model simulations: 0,25,50,75, and 100% of the 
available soil water holding capacity. The model was run for only 
the duration of the growing season each year and soil water content 
was re-initialized annually. Runoff values represent only growing 
season runoff. The means of simulated yield and runoff using 
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Fig. 1. Moving means and standard deviation (s) for annual precipitation 
for lO-, 20-, and 30-year periods of the HISWR. 

HISWR, TSGEN, and ALLGEN were compared using a l-test. 

Results and Discussion 
The moving means plotted in Figures 1,2, and 3 demonstrate the 

effect of record length on mean values of annual precipitation and 
daily maximum and minimum air temperatures. For precipitation, 
the means of the lo-, 20, and 30-year periods varied by 106,8 1, and 
43 mm, respectively. For example, in Figure 1 the lowest IO-year 
mean was 348 mm and the highest was 454 mm, a difference of 106 
mm. Such variability does not mean that all generated records 
would be biased by such amounts. The probability of using a 
record with an extreme bias is low, but it could occur and bias 
decisions based on use of the synthetic weather record. Air temper- 
atures were less variable with no differences among the 3 record 
periods greater than 1.5” C. Based on the 3 l-year historical record, 
annual solar radiation means varied less than 1% for the lo- and 
20-year records. 

As inputs to ERHYM or similar simulation models, the extreme 
biases in precipitation could significantly affect model output 
values, especially runoff. The small variation in temperature and 
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Fig. 2.Moving annual means of the daily maximum temperature values and 
the standard deviation (s) lO-, 20-, and 30-year periods of the HISWR. 

solar radiation would have very little effect on herbage production 
or runoff. However, where temperature is a factor in determining 
competitive advantages among plant species in a multispecies 
model such as SPUR (Wight and Skiles 1987), small changes in 
temperature may be important. 

The results of these lo-, 20-, and 30-year mean comparisons 
support the recommendations of Richardson et al. (1987). They 
recommend that for generating air temperature and solar radia- 
tion, a IO-year historical record is adequate for calculating model 
parameters. For precipitation, the historical record should be 20 
years or more. Tables 1 and 2 compare attributes of the long-term 
weather records used in this study. Although there were some 
measurable differences in monthly precipitation means of the his- 
torical and synthetic records, these differences were generally small 
and did not affect the yield forecasts (Table 3). The largest discre- 
pancy was in the September means, which were 37 and 52 mm for 
the historical and synthetic records, respectively. The major prob- 
lem with the generated precipitation records was their inability to 
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simulate daily extremes (Table 1). The historical record daily max- 
imum precipitation values for each month were higher than the 
synthetic maximum values and for 5 of the 12 months, they were 
more than double the synthetic values. These extreme daily precip- 
itation amounts are of major hydrologic importance. 

Monthly means and extremes of the generated air temperature 
record were generally in good agreement with those of the histori- 
cal records (Table 2). There were some measurable differences 
between the monthly means of the 2 records, but these differences 
are considered small (less than 1.9O C). Annual means of the 
long-term records differed by only 0. lo C. 

Use of synthetic weather records had little effect on herbage yield 
forecasts determined from model simulations (Table 3). Fore- 
casted values using HISWR and TSGEN were almost identical for 
both yield and runoff indicating that synthetic temperature values 
did not affect model simulations of yield or runoff. 

Forecasted runoff, however, was affected by the use of synthetic 
precipitation records (ALLGEN). The forecasted annual runoff 
values were significantly lower (P<. 10) using the synthetic precipi- 
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Table 1. Comparison of historical and synthetic precipitation records. 

Precipitation (mm) 
Mean Maximum daily values 

Month Historical Synthetic Historical Synthetic 

January 10 9 17 11 
February 10 8 26 10 
March 18 14 46 18 
April 38 50* 50 59 
May 54 45 51 44 
June 88 80 101 50 
July 59 61 86 56 
August 44 44 74 47 
September 37 52* 127 49 
October 24 32* 49 45 
November 13 9* 33 15 
December 9 10 19 13 

Annual 404 414 Mean 56 35 

*These means are significantly different (P<. 10) from the historical record means. 

tation than they were using the historical precipitation record. 
Again, this difference in runoff reflects the inability of synthetic 
precipitation records to reflect the extreme daily precipitation 
values. Other workers have reported similar results when using 
synthetic precipitation records (Hanson et al. 1989, Zucchini and 
Adamson 1984). 

Conclusions 
Our results indicate that use of synthetic weather records can 

provide unbiased herbage yield forecasts using models such as 
ERHYM. Runoff, however, is very sensitive to extreme daily 
precipitation amounts which most synthetic records are unable to 
represent adequately. Climate model parameters for generating 
daily precipitation should be computed from no fewer than 20 
years of historical records. For temperature and solar radiation, a 
lO-year historical record appears to be adequate. Synthetic 
weather records can be used effectively with rangeland simulation 
models in the decision-making process. 
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Table 3. Herbage yield and runoff forecasts using historical (HISWR) and simulated weather records (TSGEN = air temperature and solar radiation 
generated; ALLGEN = precipitation, temperature, and solar radiation generated). 

Beginning’ 
soil water 
content (%) 

HISWR 
Mean Std 

Yield (%)* 
TSGEN 

Mean Std 
ALLGEN 

Mean Std 
HISWR 

Mean Std 

Runoff (mm) 
TSGEN 

Mean Std 
ALLGEN 

Mead Std 

0 42 24 42 24 38 23 9 14 9 13 2 5 
25 56 21 57 21 54 22 13 19 12 18 7 7 
50 71 16 71 16 70 18 20 25 19 24 9 II 
75 82 11 82 11 81 13 32 32 31 31 19 18 

100 88 8 88 8 87 10 50 38 49 36 37 24 

‘Beginning soil water content is expressed as percent of the available soil water holding capacity. 
2Yield is expressed as percent of the potential site yields with water nonlimiting for plant growth. 
‘All the means in this column are significantly different (K. 10) from the runoff means under HISWR and ALLGEN. 
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Effects of tree canopies 
rangeland 
WILLIAM E. FROST AND SUSAN B. EDINGER 

Abstract 

on soil characteristics of annual 

In the central California region of annual rangeland, herbage 
production beneath blue oak (Quercus doughsii Hook & Am.) 
canopies is greater and production beneath the canopies of interior 
live oak (Quercus wislisenii DC) and digger pine (Pinus sabhuhna 
Dougl.) is less than that in adjacent open grassland. The objective 
of this investigation was to assess the impact of these major over- 
story species on soil-associated characteristics in an effort to 
explain this tree-herbage production relationship. Greater amounts 
of organic carbon (OC), greater cation exchange capacity (CEC), 
lower bulk density, and greater concentrations of some nutrients 
were found beneath blue oak canopies than in open grassland. This 
explains, at least in part, the increased herbage production beneath 
blue oak canopy. 

Key Words: hardwood rangeland, tree-soil interaction, soil physi- 
cal and chemical characteristics 

In the central Sierra Nevada foothills, herbage production 
beneath blue oak (Quercus douglasii Hook & Am.) canopies is 15 
to 100% greater than in adjacent open areas (Holland 1980, Hol- 
land and Morton 1980, Ratliff et al. 1988, Frost and McDougald 
1989). The increased herbage production beneath blue oak cano- 
pies has been attributed to higher soil fertility and more favorable 
moisture and temperature regimes (Holland 1973, Holland 1980). 
However, in northern California herbage production beneath blue 
oak canopies is lower than in adjacent open areas (Murphy and 
Berry 1973, Kay and Leonard 1980, Murphy 1980). Removal of 
blue oak in the northern region results in increased herbage pro- 
duction which may last for up to 15 years (Kay 1987). Such a 
response suggests a residual store of nutrients, derived from oak 
litter inputs, which is gradually depleted following tree removal. 
This store of nutrients is also indicated in central California where 
removal of blue oak results in a gradual decline in annual forage 
production to levels comparable to those of the less productive 
open grassland (Holland 1973, Holland 1980). Klemmedson and 
Tiedemeann (1986) found similar effects where mesquite (Prosopis 
juliflora DC) was removed. 

Other predominant overstory species in the central region of the 
blue oak woodland are interior live oak (Quercus wislizenii DC) 
and digger pine (pinus sabiniana Dougl.). Total annual herbage 
production beneath the canopies of both species is over 30% less 
than in adjacent open grassland (Ratliff et al. 1988). The reduction 
beneath interior live oak has been partially attributed to the high 
level of shading from the evergreen canopy (Duncan et al. 1983). 

The objective of this investigation was to: assess the impact of 3 
major overstory species (blue oak, interior live oak, and digger 
pine) on physical and chemical properties of the soil in an effort to 
explain the tree-forage production relationship. 

Authors are director, San Joaquin Experimental Range, California Agricultural 
Technology Institute, California State University, Fresno 93740 and graduate 
research associate? Department of Soil and Environmental Sciences, University of 
California, Riverstde 9525 1. 

This work was supported by a grant from the University of California Integrated 
Hardwood Rangeland Management Program. 
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Study Area 

The San Joaquin Experimental Range (SJER) is located in 
Madera County, within the Sierra Nevada foothills of central 
California, 37 km northeast of Madera and 45 km north of Fresno. 
The SJER is typical of the blue oak phase of the foothill woodland 
vegetation type (Griffin 1977). The SJER lies primarily between 
300 and 500 m elevation; predominant aspect is southwest. 

Climate at the SJER is Mediterranean, with mild, rainy winters, 
and hot, dry summers. The rainy period extends from October 
until late May or early June. Annual precipitation averages 482 
mm with recorded extremes of 229 and 940 mm (Coon 1989). 

The study area consisted of open rolling sites in 2 pastures: the 
Research Natural Area (RNA), which has been ungrazed and 
unburned since 1934, and Range Unit 41 (RU 41), which has been 
grazed yearly since at least 1934 when the SJER was established. 
The overstory consists of scattered blue oak, interior live oak, and 
digger pine. Canopy cover within the study area was 6% blue oak, 
12% interior live oak, and 3% digger pine (Frost and McDougald 
1989). The major soil of the study area belongs to the Ahwahnee 
series (coarse-loamy, mixed, thermic mollic Haploxeralf) deve- 
loped from intrusive igneous rocks of the Sierra Nevada Batholith. 

The RNA and RU 41 comprised 1 pasture prior to acquisition 
and formation of the SJER by the USDA Forest Service in 1934, 
thus, they received similar grazing treatment. A fenceline con- 
structed in 1934 eliminated grazing from the RNA. Range Unit 41 
has received moderate grazing use on a yearly basis since at least 
1934. The study site consisted of open rolling areas with a south- 
west aspect. The fenceline provides the contrast between grazing 
treatments. 

Open rolling sites with similar tree canopy cover, southern expo- 
sure, slopes of less than 15% and Ahwahnee soil series were identi- 
fied prior to sampling. Sites were numbered and a random number 
table utilized to select sampling sites. A similar procedure was used 
to select individual trees to sample beneath on each site. These were 
the same sites as in a companion study on tree canopy effect on 
forage production (Frost and McDougald 1989). 

Materials and Methods 

Eighty soil samples were collected beneath the canopies of ran- 
domly selected blue oak, interior live oak, and digger pine trees and 
inadjacent open grassland within the grazed (RU 41) and ungrazed 
(RNA) areas in 1987. This provided 5 replications beneath each 
species canopy category and in open grassland at 2 depths in each 
area. Each soil sample consisted of a composite of 3 soil cores 
collected from random locations along the mid-point between tree 
trunk and drip line. Samples were collected in April at O-5 cm and 
5-20 cm depths. These samples were air-dried for several days, 
sieved through a 2-mm screen and stored in plastic bags. 

Forty additional soil samples were taken from random locations 
mid-way between tree trunk and drip line and in open areas to be 
used for bulk density determinations. Aluminum cylinders of 
known volume were used to extract these samples. Soil cores were 
placed in metal cans, oven dried at 105’ C for 24 hours, and 
weighed. Bulk density was calculated on an oven-dried weight per 
unit volume basis. 
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Table 1. Results of analysis of variance for soil physical and chemical 
characteristics beneath tree canopies and in open grassland at the San 
Joaquin Experimental Range, California. 

Area+tree species Soil depth Area+tme species 
X 

soil depth 

oc 
CEC 
BD 
P 
N 
Ca 
Mg 
Na 
K 
Mn 

PH 

**I 22 
** ** 
** ** 
** ** 
* ** 

** 2. 
** ** 
** 
** ** * 

** 
** 

‘**indicates significance at p=.Ol 
*indicates significance at p=.OS 

Cation exchange capacity (CEC) was determined by index 
cation saturation and displacement (Page 1982). Sodium bicarbo- 
nate soluble phosphorus (P) was extracted using the procedure 
described by Page (1982). 

Soluble and exchangeable cations were extracted and potassium 
(K), sodium (Na), magnesium (Mg), and manganese (Mn) concen- 
trations were determined by atomic absorption. Calcium (Ca) 
concentrations were determined by flame photometer. Organic 
carbon (OC) content was estimated using the Walkley-Black 
method (Page 1982). Total nitrogen was determined by a micro- 
Kjeldahl method (Page 1982). Soil pH was determined by glass 
electrode in a 1:l (soil:water) mixture. Values of pH were con- 
verted to their arithmetic equivalent values before statistical analy- 
sis was conducted. 

Analysis of variance was conducted as a split block with area+ 
tree species as main plots and soil depths as subplots. Treatment 
means were separated by Student-Neuman-Keuls test (Little and 
Hills 1978). Significant differences were declared at ~5.05. 

Results and Discussion 

There were significant differences among the area+tree species 
for all physical and chemical soil characteristics with the sole 
exception of Mn (Table 1). The general trend toward greater 
amounts of organic carbon, lower bulk density, larger cation 
exchange capacity and greater amounts of some nutrients beneath 
the canopies of oaks than in open grassland (Table 2) may be 
attributed to greater organic matter inputs from leaf fall than 
occurs in open grassland. However, leaching of nutrients through 
rainwater drip may also be important. Similar relationships have 
been found for blue oak-open grassland comparisons, with no 
grazing, at the Hastings Reservation in central California (Holland 
1973), for N, K, S, and organic matter beneath mesquite (Tiede- 
mann and Klemmedson 1973), for soil N beneath canopies of 
Lurreu, Acacia and Cussiu (Garcia-Moya and McKell 1970) and 
for bulk density beneath blue oaks at the U.C. Sierra Foothill 
Range Field Station in northern California (Kay 1987, Kay and 
Leonard 1980). Increasing concentrations of a number of nutrients 
has also been found as the amount of basal area of gambel oak 
(Quercus gumbelii Nutt.) increased in pine forests of Arizona 
(Klemmedson 1987). 

Significant differences also existed among the 2 soil depths for 
all soil characteristics with the exception of Na and pH (Table 1). 
Larger amounts of OC, larger CEC, greater concentrations of 
nutrients, and lower bulk densities were present in the O-5 cm 
depth than in the 5-20 cm depth. We also found that among the 
area+tree species more significant differences occurred in the O-5 
cm soil depth than in the greater depth, indicating the effect of leaf 
fall on soil characteristics. This relationship of greater amounts of OC, 

Table 2. Soil properties for the Research Natural Area and Range Unit 41 of the San Joaquin Experimental Range, California. 

Area Canopy Organic Cation Bulk Total 
classifi- carbon exchange density (PZ) 

Mn pH 

cation 
(meqi- 

(pet) capacity gm/cm3) fP% 
$z;- ;z;- iii- G&I- 

1 OOg) 
(me@ 
1OOg) 

O-S cm 
RNA 

Open 1.2lefg 5.78defg 1.28bc O.OOlde 0.09cd 3.88efg 0.4Odef 0.06~ 0.36cde 0.07bcd 5.2cde 
Blue Oak 2.OScde 8.42bcd 1.08de 0.0012de 0.16bcd 6.96abc 0.66bcd 0.07bc 1.1Oa 0.09ab 5.6e 
Live Oak 3.08ab 10.19ab 1.06e 0.0016bcd 0.29a 7.3Oab 1.2Oa 0.07bc 0.61cd 0.07bcd 5.3cde 
Digger Pine 2.72abc 7.12cdefg 1.03e 0.0006e 0.14bcd 3.94efg 0.66bcd 0.07bc OSlcde O.lOa 4.Sa 

RU41 
Open 2.11cd 8.06bcde 1.36abc 0.0020abc 0.1 Sbcd 5. I Zbcdef 0.59cde 0.07bc 0.43cde 0.08abc 5.3cde 
Blue Oak 3.SSa 12.1Oa 1.02e 0.0026a 0.2Sab 9.28a 0.92ab 0.09a 1.07ab 0.08abc 5.3cde 
Live Oak 3.32ab 9.12bc 1.03e 0.0022ab 0.2Oabc 6.46bcde 1.1Sa 0.07bc 1.3Sa 0.07bcd 5.3cde 
Digger Pine 2.66bc 6.96cdefg 1.22cd 0.0016bcd O.lOcd 3.76fg 0.56cde 0.07bc 0.56cde 0.07bcd 4.7b 

S-20 cm 
RNA 

Open 0.6Sg 4.47g 1.42ab O.OOlOcd 0.06d 3.14fg 0.26f 0.06c 0.21e 0.04ef 5.3cde 
Blue Oak 1.57def 8.3Obcd 1.33abc 0.0012bcd 0.13cd 6.58bcd 0.54cdef 0.07bc 0.39cde 0.06cde 5.6e 
Live Oak 1.67def 7.44bcdef 1.36abc 0.0014bcd 0.12cd 4.98bcdefg 0.73bc 0.07bc 0.34cde 0.04ef 5.2cde 
Digger Pine 1.19efg 5.2Oefg 1.30bc O.OOlOcd 0.09cd 3.1Obfg 0.4ldef 0.08ab 0.3 lcde O.OSdef S.Obcd 

RU41 
Open 0.9Sfg 6.69cdefg 1.42ab 0.0012de 0.09cd 4.lOdefg 0.36ef 0.07bc 0.2Sde 0.04ef S.lcde 
Blue Oak 2. I Scd 10.1&b 1.37ab 0.0016bcd O.lSbcd 564bcdef 0.58cde 0.08ab I .29a O.OSdef 5.4de 
Live Oak 1.4Sdefg 6.73cdefg 1.37ab 0.0014cd 0.12r.d 4.36cdefg 0.56cde 0.07bc 0.68bc 0.03f 5.3de 
Digger Pine 1.22efg S.lOfg 1.47a 0.0014cd 0.09cd 2.4og 0.33ef 0.06~ 0.42cde 0.04ef 4.8bc 

s.e. 0.12 0.33 0.02 0.001 0.01 0.29 0.04 0.001 0.05 0.003 

Numbers in a column within a sampling area followed by a different letter are significantly different (p q  .OS). 
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larger CEC and higher nutrient concentrations at a shallow soil 
depth than deep in the soil is similar to that found beneath mes- 
quite (Tiedemann and Klemmedson 1986). 

Lower OC, CEC, and some nutrient levels beneath digger pine 
canopy and in the open grassland than beneath blue oak canopy 
are attributed to small organic matter inputs into the system. The 
leaves (needles) which fall from digger pine are resistant to decom- 
position, persisting on the ground for long periods of time. Thus, 
the OC and nutrients contained in the needles are not rapidly 
returned to the soil. The lower pH values beneath digger pine 
canopies than in other situations were expected as the acidifying 
effect of decomposing pine litter has been well documented (Zinke 
1962, Barth 1980). Virtually no leaf fall occurs in the open grass- 
land, resulting in low organic matter inputs to add to the nutrient 
pool as compared to the contribution of leaves beneath blue oak 
canopies. 

Management Implications 

Higher percentages of organic carbon, lower soil bulk density (in 
the top 5 cm), larger cation exchange capacity and higher concen- 
trations of some nutrients found in soils beneath blue oaks as 
compared to those in open grassland explains, at least partially, the 
increased forage production found beneath blue oak canopies on 
these same sites (Frost and McDougald 1989, Frost 1990). Many of 
the same soil conditions exist beneath both interior live oak and 
blue oak canopies. Reduced total annual herbage production 
beneath these interior live oak compared to that beneath blue oak 
(Frost and McDougald 1989, Frost 1990) indicates that the effects 
of shading of the evergreen canopy of interior live oak in moderat- 
ing light intensity, air and soil temperature, and soil moisture may 
be limiting herbage production. If this hypothesis is correct, selec- 
tive removal of interior live oak may lead to increased herbage 
production over that of open grassland for as long as the tree- 
induced favorable soil conditions persist. This has been demon- 
strated for blue oak removal in northern California where favor- 
able soil conditions have persisted for 14 years following removal 
(Kay 1987). Following blue oak removal the reservoir of nutrients 
was maintained by the nutrient cycle of the herbaceous plants 
which contain more biomass and nutrients than the herbaceous 
plants in the open grassland. The loss of continuous nutrient inputs 
from living trees does result in a gradual decline of the nutrient 
content in the soil and forage and a loss in herbaceous production. 
Eventually this will decline to levels comparable to those of open 
grassland (Holland and Morton 1979), a relationship also found 
for nutrient availability 13 years following removal of mesquite 
(Klemmedson and Tiedemann 1980). 
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Research Note: A survey of current range research activity 
LINDA I-I. HARDESTY 

Abstract 

Range scientist members of the Society for Range Management 
were surveyed to evaluate where research efforts have been concen- 
trated in the recent past relative to current and future allocation of 
efforts, how research is funded, where it is published, how well the 
scientists perceive that clientele needs are met, and what obstacles 
scientists face. Range ecology and range improvements are the 
topics that were, and continue to be seen as the most important for 
investigation. Plant improvement, range watershed, range wildlife, 
and ecophysiology are important future research topics. In-house 
funding was the most frequent source of funds for ail groups of 
range researchers. University scientists were the most likely to have 
other sources of funds. There are funding sources that may be 
underutilized. The 4 most frequently listed clients are livestock 
producers (73 listings), state and federal agencies (71), other scient- 
ists (46), and the private sector (27). Forest Service scientists 
appear to have the least restricted view of their clientele. Over 25% 
of the respondents felt that there were no client groups not being 
adequately served by range research. Others felt that livestock 
producers and the public were not being adequately served. The 
Journal of Range Management was the most frequently listed 
publication outlet followed by conference papers and symposium 
proceedings. 

Limited funding was the most frequently listed obstacle to doing 
research, followed by poor communication between researchers 
and clients, and the need for more interdisciplinary interaction. 

Key Words: research funding, research topics, publication pat- 
terns, clients 

Among range professionals there has been a feeling of increased 
urgency in expanding and enhancing the range research agenda 
(SRM 1988). This sense of urgency is compounded by the fact that 
real dollar funding for range research has been declining at a time 
when increasing support is needed due to steadily growing pressure 
on the rangeland resource from a wide range of users. The 
Research Affairs Committee of the Society for Range Manage- 
ment evaluated the status and future of research in the context of 
these problems. 

The committee identified several steps toward improving under- 
standing of range research. Primary among these was an evalua- 
tion of research activities in the recent past including topics where 
research efforts have been concentrated relative to current and 
future allocation of efforts, how this research has been funded, 
where it was published, how well the scientists perceive that clien- 
tele needs are being met, and what obstacles range scientists face. A 
survey of range scientist members of the society was conducted to 
evaluate these concerns. 

Objectives 

1. Identify subject areas where range research has focused 
within the past 10 years. 

2. Delineate subject areas where SRM range researchers think 

Author is assistant professor, forestry and range management, Department of 
Natural Resource Sciences, Washington State University, Pullman 991644410. 

Research supported by the Washington Agricultural Research Center Project 
#lOA-30464758. Drs. R. Dennis Child and Robert L. Gillen provided valuable 
assistance in devising the survey and Dr. William C. Krueger helped with the survey 
design, reviewed an early draft of the manuscript, and provided encouragement 
throughout the project. Special thanks are due to all the scientists who spared their 
time to complete the questionnaire. 

Manuscript accepted 22 August 1990. 

research should be concentrated within the next 10 years. 
3. Discover principal sources of research funding accessed by 

SRM range researchers within the past 10 years. 
4. Identify potentially underutilized sources of funding for 

range research. 
5. Assess SRM range researchers’ perceptions of clientele 

served. 
6. Reveal principal publication outlets used by SRM researchers 

within the past 10 years. 
7. Verify relative importance of funding as an obstacle to range 

research. 

Methods 

A mail survey was designed based upon Dillman’s (1978) Total 
Design Method. The questionnaire was open ended in order to 
elicit an unbiased response to the questions (Table 1). The survey, 
with an explanatory letter and post-paid return envelope, was sent 
to all SRM members in the US who had identified themselves as 
range researchers on their membership information. A total of 309 
questionnaires were mailed in August 1988, and a reminder mail- 
ing was sent several weeks later. 

A response rate of 65% was achieved. Responses were entered 
verbatim into a database which allowed them to be sorted so that 
all responses to an individual question could be grouped together, 
or responses could be sorted and evaluated by other criteria, such 

Table 1. Questions used in survey 

- *KL_ _ Privmesedor 
- mw Pasa -1 
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as employer. Table 3. Sources of research (number of respondents giving any answer). 

Results and Discussion 
Resnondent 

Respondent Characteristics 
Of the 201 respondents, 40 were not involved in range research. 

All conclusions were drawn from the replies of the 161 respondents 
who were active in range research within the past 10 years. It 
should be noted that range research was not defined in the questi- 
onnaire, leaving the recipients to decide iftheir work fit within this 
category. 

Source of support UNIV ARS USFS Other Total 

This survey does not constitute an accounting of all present 
range researchers, but is representative of 1988 SRM members 
who were listed in the SRM database as range researchers. There 
are a number of range scientists who do not belong to SRM. The 
society has not updated this employment database since 1985, thus 
newer researchers were underrepresented among respondents. 

The respondents were grouped by employer (Fig. 1). The largest 

In-house 27 
“Federal” 10 
NSF 5 
USDA camp. 4 
NASA 1 
APHIS 2 
USFS 10 
BLM 6 
Dept. Energy 2 
scs 3 
U.S. Fish & Wildlife 3 

40 26 I4 

1 1 
1 1 

1 

1 I 
2 4 3 

1 
2 I 

107 
10 
7 
6 
2 
2 

12 
15 
3 
6 
3 

Service 
OICD 
USGS 
AID 
NPS 
ARS and SEA 
Pittman-Robertson 
EPA 
OSM 
Military Sources 
Foundations 
“Contracts” 
Industry 
Personal funds 
Consulting service 
Private sector 
Water board 
State budget line item 
Local grants 
Landowners 
Endowment 
State Agencies 
Regional projects 
Utility company 
Seam 
State University-coop 

study 
Local sportsmen 
Livestock cooperators 
Environmental group 
NIPSAT 
Short-term special 

project S 

1 
1 
4 
4 
8 
5 
3 
2 
3 
4 
1 

20 
I 
2 
7 
1 
2 
1 
5 
1 
7 
1 
1 
I 
5 

21.129 

(34) 1 

'.27% 

(60) 

16.15% 

(26) 

n University ’ 

i zjss 

25.47% 
(41) 

Fig. 1. Distribution of respondents by employer. 

group represented were university researchers, 60 of whom replied 
(37% of respondents). Next most numerous were Agricultural 
Research Service (ARS) scientists (41, or 25%) followed by Forest 
Service (26, or 16%), and 34 (21%) “other scientists”. Within the 
other scientists category, 3 1 of the 34 were employed by federal, 
state, or local government agencies. 

Table 2. The 6 most frequently selected research topics for each time 
period (all respondents).* 

Past IO years Currently Future need 

range improvements 81 range ecology 58 range ecology 14 
range ecology 78 range improvements 53 range improvements 55 
plant communities 57 poisonous plants 53 plant improvement 55 
range wildlife 50 plant communities 39 range watershed 55 
plant improvement 46 plant improvement 36 range wildlife 53 
plant physiology 43 range wildlife 31 ecophysiology 51 

‘Due to the open-ended nature of the questionnaire, it was not always clear if each 
group was mutually exclusive (e.g. land managers vs land owners). Many respondents 
listed individual state or federal agencies, or positions within agencies (e.g. SCS 
technical staff). These responses were grouped as state and federal agencies. Ranchers, 
cattlemen, livestock industry etc...were grouped as livestock producers. 
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3 
3 
I 

10 
1 
2 
6 
1 
1 
1 
5 
1 
3 
I 
1 

5 
2 I 
1 1 

I 

8 I 1 

2 1 1 

1 
4 1 

1 
2 

1 
I 
1 

Total 130 64 41 36 271 

Research Focus-Past, Present, and Future. 
Respondents were asked to rank the topic areas to which they 

had devoted the most research effort. Not all respondents ranked 
the offered research topics in a consistent manner. Therefore the 
data were analyzed by the frequency of any given response. The 6 
most frequent choices of all respondents for past and present 
efforts and for future importance are shown in Table 2. 

Range ecology and range improvements are the 2 topic areas 
that were, and continue to be seen as the most important research 
areas. Plant improvement appears to be gaining increased impor- 
tance perhaps due to newly available biotechnologies. The empha- 
sis on plant community studies appears to be declining although 
some of this may be absorbed within the individual’s definitions of 
range ecology. An interesting anomaly is the current activity in 
poisonous plant research in spite of less past and future research 
emphasis on this topic. Plant physiology was an area of research 
emphasis within the past 10 years whose importance dropped 
sharply in current efforts yet was seen as a future research need. 
Although the future need for plant physiology research does not 
place it within the top 6 topic areas, ecophysiology, a related 
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discipline, does appear within the top 6 areas for future emphasis. 
There were some differences among groups of range scientists 

ranking the same topics. University range scientists make up the 
largest group of respondents and were the most diverse in their 
research activity. This might be expected considering the absence 
of any coordinated national programs directly guiding their 
research efforts. Within the past 10 years, university range scien- 
tists have focused most frequently on range ecology (l), range 
improvements (2), range wildlife (3), plant communities (4), fire 
ecology (5), and grazing systems (6). Current research efforts con- 
tinue to emphasize range ecology and improvements but also 
include poisonous plants in a 3-way tie for first ranking. Plant 
communities (2) fire ecology (3), range wildlife (4), and grazing 
systems (5) remain important research areas. Plant improvement is 
the last of the top 6 rankings. Areas for future research emphasis 
diverge widely but range ecology remains in first place, followed by 
range wildlife, rangeland watersheds, and grazing systems tied for 
second ranking. Range economics enters with a third ranking. 
Seven additional topics are ranked either 4th, Sth, or 6th, with the 
newcomers being ecophysiology (S), range management sociology 
(S), rangeland soils (6) rangeanimal nutrition (6) and land tenure 
(6). 

Table 4. Underutilized sources of funding (number of respondents giving 
any answer). 

Source of support 
Respondent 

UNIV ARS USFS Other Total 

NSF 
Producer’s org. 
Private sector/industry 
Military 
scs 
State agencies 
Regional authorities 
Mining companies 
State park depts 
Environmental groups 
Consulting groups 
BARD 
BLM 
USFS 
Recreationists 
USDA 
USDI 
Foundations 
Fish & Wildlife Service 
EPA 
Extension service 
None underutilized 

5 
4 
6 
I 
I 
1 
I 
2 
1 
2 
1 
1 
1 
1 
I 

1 

3 
4 

2 

2 1 11 
I 9 

4 2 13 
1 
3 
2 
I 
2 

1 
1 
3 

4 
I 

4 9 
3 5 

3 
2 

3 
1 3 

Range scientists working in the Agricultural Research Service 
ranked range improvements as the most important research topic 
area. This top slot is currently shared with poisonous plants, a 
focus this group ranks as less important in the future. ARS range 
scientists ranked range ecology as an important topic, though 
slightly less so than to the entire group of respondents. In contrast, 
plant physiology has been a more important topic, as has plant 
improvement. Other research topics within the top 6 during the 
past 10 years include range livestock nutrition, ecophysiology, 
rangeland watersheds, and grazing systems. Current emphases 
after range improvements and poisonous plants are range ecology 
(3), plant improvement (4), rangeland soils (5), and rangeland 
watersheds (6). ARS scientists see range improvements (l), plant 
improvement (2), range ecology (3), and ecophysiology (4) as 
important areas for future research efforts, however, they also 
include range animal nutrition (4), plant physiology (4), grazing 
systems (5), and plant communities (6), as important future topics. 

2 3 
1 2 

1 
1 

1 2 

Total 78 

an important focus of past efforts. Currently, plant community 
work remains second only to range ecology while plant improve- 
ment and ecophysiology share third ranking. Current efforts are so 
diverse that there is not a clear-cut ranking beyond this point. 
Areas for future research emphasis are more straightforward. 
Ecology is followed by ecophysiology while plant physiology and 
fire ecology tie in third ranking. Range watersheds (4), range 
wildlife (5), and plant improvement (5) are major interests but 
continued emphasis on plant communities (6) and an interest in 
rangeland sociology (6) may be reflections of this group’s unique 
mission. 

Forest Service range scientists listed range ecology (I), plant The range scientists not representing any one major employer 
communities (2), range improvements, and range wildlife (tied for have invested their research time comparably to the entire group. 
third) as their major research topics in the past 10 years. Emphasis The exact order of the topics sometimes varies, notably, range 
on inventory and classification (4), range watersheds (5), and fire ecology ranked 5th with this group. Current efforts follow a similar 
ecology (5) may be a reflection of the relationship to the National pattern, but plant communities have the number 1 slot, followed by 
Forest System and its research needs. Ecophysiology (6) was also range improvements, range wildlife, and poisonous plants all tied 

Table 5. Major clientele served (number of respondents giving any answer) and rank within that group of respondents. 

Client 

Livestock producers 
Federal & State agencies 
Range researchers 

Respondents 
UNIV ARS USFS Other Total 

N Rank N Rank N Rank N Rank N Rank 

27 (11 29 (11 6 (21 I1 73 (21 
I9 

(11 
(21 27 (21 11 (11 I4 71 (11 

13 (31 
(21 

17 (31 6 (21 5 41 (3) 
Private sector IO (41 5 2 10 
Universities 6 1 3 2 
Range Managers 6 0 5 (31 4 
Extension 5 10 (41 0 1 
Mine reclamation interests I1 6 4 (41 4 
Land managers 1 2 11 (11 2 
Wildlife managers 2 0 6 (21 8 
Foresters 0 0 3 0 
Landowners 4 0 1 3 

(3) 27 i4j 
12 
I5 
I6 
25 
I6 

(41 16 
3 
8 

Sportsman 0 0 0 4 4 

‘Only those clients listed 4 or more times are included this table. 
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for second. Range ecology ranks third in current efforts. In the area 
of recommended future research focus, this group diverges some- 
what from the entire group, although they share the opinion that 
range ecology is the most important area, followed by range 
improvements. Range wildlife ranks third, fire ecology 4th, and 
plant communities and range extension methods tie for Sth, with 
no clear-cut sixth choice. 

Only a few distinctive differences appear when comparing the 
separate groups. University research is less diverse and independ- 
ent of national initiatives than it first appears. National initiatives 
within federal base and formula funding programs might be 
expected to have some influence on individual faculties’ research 
foci, as would dependence on extramural funding through grants 
and contracts. For example, university scientists’ emphasis on 
plant communities may be partly a result of funding from the 
Forest Service for this activity and the emphasis on poisonous 
plants may represent collaboration with the Agricultural Research 
Service. Research within different groups may be related, and to an 
increasing degree, all are influenced by the availability of funds 
from government programs and extramural sources. 

Sources of Research Funding 
In-house funding was overwhelmingly the most frequent source 

of funds for all groups of range researchers (Table 3). University 
range scientists were the most likely to have other soruces of funds 
and have the greatest variety of funding sources, listing a total of 35 
different sources of funds (as compared to ARS-11, USFS-11, and 
other scientists 16). Industry support was most important to uni- 
versity and ARS scientists. University researchers were the only 
group to report support from the military. In general, those who 
had any source of extramural funds had several sources, perhaps 
indicating a higher level of need, motivation, or skill in grant- 
seeking, or a research topic of particular interest to groups that 
support range research. 

Twenty-three respondents reported that they had never sought 
other sources of support. This response was most common from 
the ARS scientists, 20% of whom had never sought other sources of 
research funding, and least frequent from university scientists, only 
10% of whom have not. Four Forest Service scientists report only 
recently being directed to seek outside research funding. 

Among the 138 scientists who have sought outside research 
support, 21 have tried but failed to secure NSF funding. This is the 
most frequently cited unsuccessful funding effort. Not receiving 
USDA competitive grants was the second most frequent disap- 
pointment reported (19), although only university and ARS scient- 
ists appear to apply to this program in significant numbers. 

Foundation and private funding is only occasionally sought and 
rarely secured. In only 4 instances were land users, producers’ 

Table 6. Clientele not being adequately served by range researcbl. 

groups (Cattlemen, Woolgrowers), or sporting groups listed as 
sources of research support, although the “industry” designation 
might have been intended to include some support from producers’ 
groups. 

Producers’ groups become significant when we look at the 
respondents’ opinions on underutilized sources of research funding 
(Table 4). Although individual respondents listed a number of 
potentially underutilized sources of funds, only a few of these were 
listed repeatedly: NSF, private sector/industry, the BLM, and 
Forest Service. As noted earlier, survey respondents expressed 
frustration at their inability to tap NSF funding, but the private 
sector/ industry, BLM, and USFS were rarely cited as the target of 
unsuccessful proposals. There may be a perception that NSF and 
private/industrial sources grant larger sums, making them more 
visible as underutilized sources. As Table 3 illustrates, there are a 
number of other sources that have funded range research and these 
too may represent underutilized sources of funding. 

It is interesting that livestock producers’groups did not appear 
on the list of funding sources but appeared frequently on the 
underutilized list. Individual landowners and livestock coopera- 
tors did appear several times as sources of support and these might 
be considered the same as “producers”, but not the same as formal 
producers’groups. Given the general feeling that range research is 
not adequately funded, and that underutilized sources of funds 
may exist, it can be concluded that there are instances where range 
scientists could be more effective in soliciting research support. 

Clientele Served 
University scientists listed 32 different client groups, ARS 16, 

USFS 18, and other scientists 18. Major client groups are defined 
as those mentioned more than 3 the times by any 1 group (Table 5). 
The 4 most important client groups for all respondents are live- 
stock producers (listed 73 times), state and federal agencies (71), 
other scientists (46), and the private sector (27). Of the 4 groups of 
range scientists, Forest Service scientists appear to have the least 
restricted view of their clientele, perhaps reflecting the agency’s 
relatively long standing multiple-use tradition. Other range scient- 
ists are an important audience for university, ARS, and Forest 
Service scientists. It is interesting to note the relative emphasis on 
extension clients by the ARS range scientists. 

When asked if there were clientele that the range research com- 
munity was not adequately serving, only 25% of the respondents 
indicated none (Table 6). Almost half this many felt that producers 
were not being adequately served, and the public followed closely 
as the third most frequently cited group not being well served by 
range research. Environmenalists, although not in the 4 most 
frequently listed groups, were listed more frequently than conser- 
vation interests. A distinction between these 2 groups may or may 

UNIV ARS USFS Other Total 
N Rank N Rank N Rank N Rank N Rank 

None 21 (1) 12 
Producers 8 13 
Public 8 (2) 5 
Wildlife interests 5 3 
Recrc?tion interests 6 (3) 3 
Environmentalists 2 3 
Public land agencies 2 3 
Industry 3 1 
Watershed interests 1 3 
Land managers 2 0 
Conservation groups 0 3 

‘Only those clients listed 4 or more times are included in this table. 

(2) I (1) 5 (1) 45 (1) 
(1) 1 4 26 (2) 
(3) 4 (2) 3 

::; 
20 (3) 

4 (2) 3 (3) 15 (4) 
4 (2) 2 15 (4) 
4 (2) 2 11 
0 1 6 
1 1 6 
1 0 5 

0 5 
0 I 4 
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Table 7. Outlets for research results (number of respondents giving any 1 answer and top 4 ranked outlets). 

Client Respondents 

UNIV ARS USFS Other Total 

N Rank N Rank N Rank N Rank N Rank 

33 (1) 17 (1) 16 (1) 100 fl1 J. Range Management 34 (1) 
State Exp. Sta. Publ. IO 
Proceedings 13 I:; 
Extension Publications 8 
Range Society Meetings 9 (4) 
Books or book chapters 3 
Internal or dept. publ. 5 
Other professional mtgs. 3 
Grant reports 6 
J. Soil & Water Conserv. 4 
Southwest Not. 3 
J. of Animol Science 4 
Great Basin Not. 3 
Weed Science 4 
J. Wildlond Management 7 
Agronomy Journal 4 
Rongelonds I 
Northwest Science 3 
Crop Science 0 
Journol Envi. Quol. 0 
Con. Journal Plont Science 0 

4 
14 
3 
5 
4 
2 
0 
0 
2 
0 
2 
0 
7 
0 

11 
3 
0 
6 
4 
3 

0 
(2) 11 

0 
11 
2 

I6 
1 
0 
2 
0 
0 
3 
0 
5 

(3) 1 
6 
2 

(4) 0 
0 
1 

1 
(3) 8 

3 

15 ~’ 
(2) 46 (2) 

(3) 4 
1 

(2) 6 
2 
0 
0 
2 
1 
3 
2 
2 
1 
3 
1 
0 
0 
1 

14 
(4) 29 (3) 

10 
(3) 29 (3) 

5 

(4) 

6 
8 
5 
7 
9 

13 
I4 
17 
19 (4) 
6 
6 
4 
5 

367 

‘did not distinguish SRM from other meetings. 

not have been intended by the respondents. 
When the information in Tables 5 and 6 are compared, several 

facts become apparent. First, among the major client groups, 
several are recognized as not being adequately served. This group 
includes livestock producers, land management agencies, private 
sector/industry, wildlife interests, and land managers. Another 
client group which range scientists see as not being adequately 
served includes the general public, recreation interests, environ- 
mentalists, watershed interests, and conservation groups. These 
data could be interpreted as evidence of range scientists’ recogni- 
tion that the audience for range research has broadened beyond the 
most frequently targeted client groups of the recent past, but that 
the needs of some of the more traditional client groups are still not 
being met. 

Of the most frequently listed outlets, only JRM is consistently 
refereed. Other outlets may be as rigorously scrutinized on an 
individual basis. Of the 4 groups of scientists, only ARS scientists 
list other refereed journals in their 4 most frequently used outlets. 
The Agronomy Journal was the third most frequently listed and 
Crop Science fourth. University scientists published in 46 different 
refereed journals, ARS 27, Forest Service 27, and the others, 18. 

Obstacles 

Publication Patterns 

The respondents were asked what obstacles they saw to “doing 
the research we should be doing, and serving the clients we should 
be serving”. Limited funding was the most frequent response, listed 
3 times as often as the next most frequent responses: poor com- 
munication between researchers and clients, the need for more 
interdisciplinary interaction and poor extension and technology 
transfer (Table 8). 

As the official repository of scientific progress, publications 
offer additional insight into the range research activity of the past 
decade. There are many outlets for research results in addition to 
peer reviewed journals (Table 7). 

All groups agreed that funding was the most common obstacle. 
University range scientists’second most frequent obstacle is lack of 

University range scientists listed the greatest total number of 
outlets (70) while the ARS, USFS, and other scientists listed 39,33, 
and 37 respectively. Most respondents who publish listed no more 
than 4 different outlets. It should be noted that some non- 
university range scientists are more prolific than some university 
range scientists. The university scientists’larger list of outlets may 
be due to this group’s size and more diverse research opportunities, 
rather than a greater tendency to publish. 

Table 8. Major obstacles to improved range research (number of respond- 
ents listing any 1 obstacle). 

Client Respondents 
UNIV ARS USFS Other Total 

The Journal of Range Management (JRM) was the outlet most 
frequently listed by all groups. The next most frequent outlet was 
conference papers and symposium proceedings. Presentations at 
“range society meetings”and agency or in-house publications were 
the third most frequently listed outlets for the entire group and for 
all groups except Forest Service scientists, who listed this second 
most frequently. The frequency of listing of JRMand Rangelands 
is to be expected because all respondents are Society for Range 
Management members and receive both of these publications regu- 
larly. This points out the frequency with which members utilize this 
service of the society. 

Funding 20 17 12 7 56 
Poor communication between 7 4 2 3 16 

researchers & clients 
Need more interdisciplinary 3 7 4 2 16 

interaction 
Poor extension/technology transfer 5 5 1 3 14 
Short-term bias in project 4 1 1 6 12 

selection 
Publication pressure 5 3 1 1 10 
Lack of time 7 1 0 1 9 
Livestock bias in range management 4 1 1 2 8 
Poor public understanding & support 4 1 2 1 8 

of range research 
Single use bias in problem solving 3 3 0 1 7 
Total 156 
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time. Given the prevalence of split appointments between research, 
teaching, and/ or extension, this is not surprising. Equally of con- 
cern to this group was “poor communication between researchers 
and clients”. Publication pressure and poor extension/ technology 
transfer tie for third place. These may be related as academic 
publication pressure is usually focused on refereed journals, which 
may not always be the ideal means of extension and technology 
transfer, hence this group feels 2 opposing pressures. 

Agricultural Research Service range scientists see funding as an 
obstacle, followed by the need for more interdisciplinary activity. 
Poor extension and technology transfer and poor communication 
between researchers and clients are additional concerns of this 
group. Other than funding, the need for more interdisciplinary 
activity was the only frequent obstacle seen by most Forest Service 
range scientists. In contrast, after funding, the group of other 
scientists sees the short-term bias in project selection as the second 
most common obstacle. 

A number of other practical (e.g., high overhead), philosophical, 
and public relations concerns were expressed, but none as fre- 
quently as those listed in Table 8. One optimist stated there were no 
obstacles while another viewed failures as individual rather than 
institutional. The majority, however, do see several significant 
obstacles to doing the work that needs to be done and serving all 
the clients we should be serving. University scientists listed 27 
different obstacles, ARS 37, USFS 24, and the other scientists 20. 
Although ARS scientists listed more obstacles, they ran the gamut 
from practical to philosophical with no indication of obstacles 
that were unique to this group. 

Conclusions and Recommendations 

This survey explores the perceptions of range scientists about 
their research activities. It would be useful if the Society for Range 
Management membership database could be updated to make a 
larger percentage of the current research community readily 
accessible for further study of its collective efforts. Primary among 
the obstacles listed by respondents is a lack of funding for range 
research. The number of potentially underutilized sources of funds 
listed indicates that some scientists feel that funding could be 
increased from existing sources. The dependence on in-house fund- 
ing and increased pressure on scientists to pursue extramural fund- 
ing suggests that in-house funding is becoming increasingly inade- 
quate. Yet, one scientist’s in-house source may be another’s 
extramural source. The fact that scientists who develop one outside 
source usually have several more suggests that grant-seeking suc- 
cess can be improved. Graduate student advisors would do well to 
ensure that all students are trained in grant-seeking as well as 
research skills. Providing training in grant-seeking may be a legit- 
imate role for the Society for Range Management. 

The respondents’ perceptions of their clientele may not be con- 
sistent with their funding sources. Given the high degree of public 
funding, it may be necessary to demonstrate the public benefits 

from range research to better overcome the communication and 
public relations obstacles many of the range scientists described. 
Although the scientists were not asked to list specific obstacles to 
greater funding, greater public awareness and support of range 
research might result in better funding for this activity. Undoubt- 
edly, range scientists are sincere in their belief that proper range 
management benefits everyone, but this argument may not be fully 
utilized in seeking public and private sector funds (e.g., conserva- 
tion groups and foundations). 

Making the public more aware of the benefits of well-managed 
rangelands is an important task for the range research community. 
As Wilkes (1990) argues, the public believes scientists, and it may 
be more efficient for the scientist to communicate directly with the 
public at times than to leave this to journalists whose objectives for 
communication may be quite different. This has implications for 
the publication patterns of scientists. Balancing publication in 
rigorously refereed technical outlets with popular and extension 
publications might increase public support for range research. 

This leads to consideration of the future direction of range 
research. The respondents’ opinions are discussed earlier, and 
summarized in Table 2. These can be compared with the Society 
for Range Management’s 1988 recommendations on future topics 
for federal range research funding (SRM 1988): water quantity, 
quality, and management; basic ecology; soil, plant, and animal 
relations; integrating land uses; integrated systems research; plant 
improvement and protection; and weed and brush management. 
Technology transfer needs in the areas of improved pasture and 
rangelands; enterprise profitability, conflict resolution, multiple 
use techniques; and grazing lands and people were also listed. 

The range research community should consider whether the 
direction of future research will be constrained if future range 
research funding comes from fewer and fewer sources. As scientists 
are increasingly directed to compete for the same sources of 
extramural funds and in-house funds of one group become the 
extramural source of other groups, the influence of particular 
initiatives increases. As noted earlier, university scientists are the 
most eclectic in their research, and have twice as many sources of 
research support as any other group of scientists. If creativity and 
diversity are to be nurtured within the research community, then a 
diverse range of funding sources should be developed and main- 
tained to insure that the interests of a wide clientele, both present 
and future, are met. 
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Technical Notes 
Evaluation of dietary preference with a multiple latin 
square design 
MICHAEL M. BORMAN, DON C. ADAMS, BRADFORD W. KNAPP, AND MARSHALL R. HAFERKAMP 

Abstract 

A sequential multiple latin square experimental design was evai- 
uated as a tool for establishing dietary preference rankings. Die 
tary preference of 4 grasses was determined by a series of four 4 X 4 
iatin squares where rows were 4 days within a pen, columns were 4 
locations of a grass within a pen, and treatments were 4 grasses. 
Each square (i.e., pen) utilized 1 iamb. Following the completion of 
trial 1, the most preferred grass was withdrawn and the 3 remaining 
grasses were further studied with a series of four 3 X 3 iatin squares. 
This procedure was found to be a resource efficient and effective 
tool for preference ranking. 

Key Words: intake, iamb, cool-season grasses, wheatgrass, fox- 
tail, tail fescue 

The primary value of a preference index is to rank various plants 
with regard to their palatability under a specified set of circum- 
stances (Krueger 1972). Before seeding extensive areas to intro- 
duced grasses for complements to native range, it would be of value 
to determine preferences exhibited by livestock for the grasses 
under consideration. Preference may affect the extent to which the 
plants will be utilized (Truscott and Currie 1987). Preference eval- 
uation of introduced grasses would be aided by a resource efficient 
ranking method. Latin squares have long been recognized as an 
effective, resource efficient experimental design and may provide a 
simple, economical preference evaluation procedure for use with 
complementary forages. Flexibility with the latin square can be 
increased by using multiple latin squares (Petersen 1985). We 
evaluated the efficiency of a sequential latin square design for 
ranking preferences of lambs for introduced grasses. 

Methods 

The study was conducted in an enclosed building at the Fort 
Keogh Livestock and Range Research Laboratory, Miles City, 
Montana. Four cool-season, perennial grasses were evaluated for 
preference by lambs to test the use of sequential multiple latin 
squares. Plots of mature, green ‘Jose’ and ‘Orbit’ tall wheatgrass 
(Agropyron elongatum (Host.) Beauv.), ‘Garrison’ creeping fox- 
tail (Alopecurus arundinaceus Poir.), and ‘Kenmont’ tall fescue 
(Fesruca arundinacea Schreb.) were mowed to a 5cm stubble 
height and the material was chopped to a 5 cm length in August 
1985. Four 4 X 4 latin squares were used initially to evaluate 
preference among the 4 species. In accordance with Cochran and 
Cox (1950) and Petersen (1985), the model for a combined analysis 
of variance of multiple squares is: 

dependent variable = squares, rows in squares, columns in squares, 
treatments, error 

For our study, we included the square * treatment interaction to 
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Table 1. Antiysis of variance tables. 

4x4 3x3 
latin square latin square 

Source of variation d.f. MS. d.f. M.S. 

Pen 3 3595.6 2 14190.6 
Comer (pen) 12 3013.1 6 3250.1 
Day (pen) 12 693.6 6 11269.2 
Grass species 3 1083061.7 2 288061.7 
Pen * grass species 9 6743.9 ----- 
Error 24 2544.5 6’ 24811.1 

IInteraction nonsigticant (P = 0.31) in trial 2 and included in the error term. 

obtain a better estimate of the error term in the event of a signifi- 
cant interaction. The following model resulted (Table 1): 

Intake = pen, comer in pen, day in pen, grass species, 
pen l grass species, error. 

The general linear model program (SAS 1985) was used for anal- 
yses. Each latin square consisted of 1 lamb in a pen, 4 comers of the 
pen, 4 days, and 4 grass species. Lamb weights averaged 24.5 kg at 
the beginning of trial 1. Each latin square was complete within a 
pen (2.1 X 2.4 m). Each grass was placed in a different predeter- 
mined corner of the pen such that each grass occupied a different 
corner each day to obviate potential position bias by the lambs. 
Water was maintained in a fixed location throughout each trial. 
Lambs were allowed free access to each grass species during a 7day 
pretrial feeding period during which grasses were rotated through 
the 4 comers of each pen. Grass was provided and orts were 
collected morning and evening each day. Dry matter determina- 
tions (AOAC 1984) were made on grass and orts to obtain dry 
matter intake. 

Following trial 1, the most preferred species was removed and a 
second trial conducted to evaluate the 3 remaining species. In trial 
2, four 3 X 3 latin squares utilized the same model. Each latin 
square consisted of 1 lamb, 3 comers of the pen, 3 days, and 3 grass 
species. 

Results and Discussion 

In trial 1, comer (pen) and day (pen) were nonsignificant (P q  
0.63 and 0.99, respectively): In trial 1, a significant pen l grass 
species interaction (P q  0.03) was the result of 1 lamb eating 
essentially 1 grass species only, ‘Jose’ tall wheatgrass, while the 
other 3 lambs indicated a strong preference for ‘Jose’(P<O.Ol) but 
also ate significantly more ‘Kenmont’ tall fescue (P<O.Ol) than 
either ‘Garrison’ creeping foxtail or ‘Orbit’ tall wheatgrass (Table 
2). In trial 2, the pen l grass species interaction was nonsignificant 
(P = 0.31) and was included in the error term. Pen, corner (pen), 
and day (pen) were nonsignificant (P = 0.58,0.99, and 0.83, respec- 
tively). ‘Kenmont’tall fescue was again highly preferred over ‘Gar- 
rison’ creeping foxtail and ‘Orbit’ tall wheatgrass in trial 2 (Table 
3). 

This procedure was an efficient tool for identifying a preference 
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Table 2. Daily intake rates (g dm/day) with standard errora (SE) by pen 
and grass species, trta11. 

Table 3. Daily intake rates by grass spceies, trial 2. 

Grass 
Jose 
Kenmont 
Garrison 
Orbit 

Total 

Pen 
1 (SE) 2 (SE) 3 (SE) 4 (SE) 

580 (31.0) 462 (67.0) 511 (3.9) 605 (25.0) 
1 (1.0) 98 (43.7) 49 (20.5) 62 (10.9) 
0 (0.0) 11 (6.4) 3 (3.4) 23 (13.9) 
0 (0.0) 2 (1.3) 0 (0.0) 2 (2.2) 

581 573 563 692 

ranking of the grasses involved in this study. Time and resource 
requirements were minimal compared to previous preference eval- 
uation studies conducted at Ft. Keogh. Currie et al. (1981) and 
Truscott and Currie (1987) had to establish single species, or 
variety, replicated plots of the grasses they evaluated. Multiple 
latin squares may be useful as well for evaluating preference on the 
basis of differences in leaf to stem ratio, leaf mass, protein levels, 
etc., within a given variety or species. The number of grass species 
or diets could easily be increased and still be effectively evaluated 
with this technique. Additional latin squares (i.e., lambs) could 
also be added. We concluded that sequential multiple latin squares 
was an economical, resource efficient and effective tool for study- 
ing diet preferences. 

Grass g dmlday 

Kemnont 380 
Garrison 147 
Orbit 28 

Total 555 

(SE) 

(38.4) 
(58.3) 
(13.1) 
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Monitoring roots of grazed rangeland vegetation with the 
root periscope/mini-rhizotron technique 
MICHAEL G. KARL AND PAUL S. DOESCHER 

Abstract 

The root periscope/mini-rhizotron technique has been used 
most commonly to monitor root growth of field crops in a nondes- 
tructive manner. This study introduces a successful application of 
the technique for monitoring root growth of grazed rangeland 
vegetation. The relative, root growth response of orchardgrass 
(Dactyl& glomerata L. ‘Potomac’) to defoliation by cattle was 
monitored on a conifer plantation in southwest Oregon. Despite 
stocking densities of about 2.7-4.4 animal unit/ha and 19 days of 
grazing during 1988, trampling and breakage of mini-rhizotrons 
on the cattle-grazed area was minimal. Defoliation by cattle had a 
negative impact on the relative number of roots for grazed 
orchardgrass in June and July (P<O.O5). Cautions and limitations 
for the use of the technique on rangelands are presented. The root 
periscope/mini-rhizotron appears to be a suitable, nondestructive, 
and affordable (Sl,OOO-1,200 per root periscope; S8.50 per mini- 
rhizotron) technique for monitoring root growth of rangeland 
vegetation defoliated by livestock and/or native ungulates. 

Key Words: cattle grazing, root growth, Dactylis glomerata, root 
periscope/mini-rhizotron 

Authors are graduate research assistant and assistant professor, Department of 
Rangeland Resources, Oregon State University, Corvallis 9733 I. 

Research was funded by the USDI Bureau of Land Management, M&ford District, 
Medford, Oregon 97502. Authors wish to acknowledge Bob Schnekenburgcr, 
machine forema?, and E. Stuart Baker, senior research assistant, Department of 
Agricultural Engmeering, Oregon State University, for modifications and construc- 
tion of the root periscope. We thank R.H. Maier, scientific glassblower, for cutting the 
Pyrex glass. Special thanks to Peter Halvorson and Noraza Abu Bakar for their 
assistance in the field. 

Constructive reviews of this manuscriot were arovided bv W.C. Krueger. S.H. 
Sharrow, and R.F. Miller. 

_ 

This article is submitted as Technical Paper 8983, Oregon Agricultural Experiment 
Station, Corvallis. 

For reprints, contact Paul S. Doescher, Department of Rangeland Resources, 
Oregon State University, Corvallis 97331-6704. 

Manuscript accepted 9 July 1990. 

Use of a root periscope (Richards 1984) and mini-rhizotrons 
(Bohm 1979) has become an accepted method for investigating the 
behavior of roots in a nondestructive manner. The method arose 
from an investigation by Bates (1937), who first used a light 
source/ mirror assembly to observe roots growing along the exte- 
rior surface of glass tubes. Since 1937, the light source/mirror 
assembly has been variously modified and improved. The root 
periscope is but one of these modifications. The tubes have been 
made of glass (Bates 1937, Gregory 1979, Richards 1984, this 
study), or acrylic plastic (Waddington 1971, Sanders and Brown 
1978, Upchurch and Ritchie 1983, Vos and Groenwold 1983), and 
have been named “mini-rhizotrons”(Biihm 1974, in Bohm 1979), 
when installed in natural soil profiles. 

The root periscope/mini-rhizotron technique has been used 
most often in agronomic research. For example, Waddington 
(1971) probably the first since Bates (1937) to use the technique, 
observed root growth of spring wheat (Triticum aestivum L.). A 
more complete listing of agricultural crops which have been stu- 
died with this technique can be found in Brown and Upchurch 
(1987). 

On rangeland, the root periscope/ mini-rhizotron technique has 
only recently been applied. Richards (1984) pioneered its use in 
range management through his investigations of clipping and sub- 
sequent root response for 2 species of bunchgrass. To our knowl- 
edge, the root periscope/mini-rhizotron technique has not been 
used to investigate root responses of range vegetation subjected to 
grazing by livestock. We suspect that the potential for trampling 
and breakage of mini-rhizotrons by livestock has been a factor 
preventing the prior use of the technique on grazed rangelands. 

The purpose of this paper is to provide evidence for the success- 
ful use of the root periscope/ mini-rhizotron technique for moni- 
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toring root growth on grazed rangelands. Root Sampling 

Materials and Methods 

Root Periscope Design 
The root periscope used was a modification of the one shown in 

Figure 1 of Richards (1984). We used an aluminum tube of 112~cm 
length, and 3.175-cm diam, capable of monitoring root growth to a 
75-cm depth. Further modifications to the original design involved 
the power supply and fiber optics. Interested readers may obtain 
these modifications from the authors. 

Installation of Mini-rhizotrons 
Mini-rhizotrons were constructed of Pyrex glass (122-cm length, 

38-mm o.d., 2-mm wall thickness, Coming Glass Works, VWR 
Scientific), and cut to a 91cm length. To allow insertion of the 
mini-rhizotrons into the soil, holes were excavated with a 3.8-cm 
diam hand’auger and 4.5-cm o.d. soil corer at a 15 degree angle 
from vertical. Locations were such that the top and bottom of each 
mini-rhizotron were lo-15 cm away from and 78 cm beneath the 
base of an orchardgrass plant. A IO-cm length of each mini- 
rhizotron remaining above the soil surface was sufficient to allow 
attachment of the root periscope, yet reduced the risks of trampling 
and breakage by cattle and native ungulates utilizing the research 
area. During grazing periods, to shield the top and prevent break- 
age of mini-rhizotrons, rocks or small logs were positioned on the 
side of the mini-rhizotron facing away from the plant. Rubber 
stoppers were placed in both ends of each mini-rhizotron to pre- 
vent water and foreign material from entering. Stoppers in the 
lower ends were sealed with duct tape. The IO-cm lengths of each 
mini-rhizotron above the soil surface were covered with metal cans 
to prevent sunlight from entering. Roots exposed to light may 
suberize more rapidly (Hilton and Mason 197 1, in Hermann 1977) 
and their growth may be inhibited (Lake 1987, Levan et al. 1987). 

The total number of mini-rhizotrons installed on the research 
area was 68; 24 were installed beneath orchardgrass plants and 44 
were installed beneath conifer seedlings for another portion of the 
study. Of the 68,32 were located in a 4.45-ha area grazed by cattle 
and native ungulates; 36 were located in areas ungrazed by cattle 
but grazed by native ungulates. 

Before installation, the entire length of each mini-rhizotron was 
marked externally with horizontal, circumferential lines at inter- 
vals of 50 mm. A waterproof black pen was used. One-fourth (90 
degrees) of the circumference of each mini-rhizotron could be 
viewed by the mirror/fiber optic system at one time. Of the 4 
available fields, only 2 were observed down the length of each 
mini-rhizotron because of time limitations. We chose the 2 fields 
such that they were side by side and represented the 180 degrees of 
the mini-rhizotron circumference facing the base of the orchard- 
grass plant. Fifteen depths (ranging from 1 to 71 cm in 5-cm 
increments) were sampled for each of the 2 fields, for a total of 30 
subsamples per mini-rhizotron. Root counts were summed for the 
30 subsamples, resulting in a relative, total number of roots for a 
vertical depth of about 0.7 m for each mini-rhizotron. The method 
used in counting roots was derived from Tennant (1975). Compari- 
son of root counts between grazed and ungrazed orchardgrass 
plants was made utilizing an unequal sample size, t-test procedure 
for independent samples at P q  0.05 (Sokal and Rohlf 1973). 

Mini-rhizotron Damage 
Cattle trampled only 2 of the 32 mini-rhizotrons in the cattle- 

grazed area such that the entire exposed portion was destroyed; an 
additional 1 was partially damaged. None of the 36 mini- 
rhizotrons in areas grazed only by native ungulates were trampled, 
despite grazing impacts by these ungulates during the winters of 
1987-88 and 1988-89 (unpublished data). These 36 mini-rhizotrons 
were not protected by rocks or small logs. 

Application and Cautions/Limitations 
The root periscope/ mini-rhizotron technique allowed an exam- 

ination of root growth of cattle-grazed vs. ungrazed orchardgrass 
(Fig. 1). Defoliation during the 3 cattle-grazing periods 

cost 
Total cost for our root periscope (not including power source) 

was about $1,200 in 1988 (custom-built by Dept. of Agricultural 
Engineering, Oregon State Univ., Corvallis). Root periscopes can 
also be purchased from JRD Merrill Specialty Equipment, Logan, 
Utah, for $1,000 (1989 price). Pyrex glass for the mini-rhizotrons 
was bulk-purchased at a cost of $152.75/ 11.35 kg (-$8.50/tube, 
1988 price). Cost of the glass cutting was about $1 .lO/ tube. 

Grazing Schedule 
Stocking densities, length of time cattle were present on the 

grazed area, and utilization (i.e., stubble height) of orchardgrass 
plants monitored with the in 1988 varied by grazing period and are 
shown in Table 1. 

_-. cz OI 
April May June July 

Table 1. Stocking densities (AU/ha), grazing time (days), stubble heights 
(F SE, cm) and sample sizes (n) of orchardgrass plants, for grazing 
periods in 1988. 

Month 

April 
May 
June 

Stocking 
density 

2.7-4.4 
4.4 
4.4 

<4.4 

Grazing Stubble 
time height n 

8 6.9 (0.33) 49 
5 12. I (0.49) 34 
3 9.6 (0.63) 51 
3 

Fig. 1. Relative number of roots 6 f SE) of grazed [n = 13 (April); n = 12 
(May-July)]vs. ungrazed (n= 9)orchardgrass, April through July 1988. 

( 18-26 April, 16-2 1 May, and 8- 11,13- 16 June) in 1988 resulted in 
a reduction in the relative number of roots for grazed, compared to 
ungrazed, orchardgrass plants. In May (18 to 26 days after the end 
of the first grazing period), the relative number of roots for grazed 
orchardgrass had begun to decline but was not significantly differ- 
ent (P = 0.06) compared to ungrazed orchardgrass. During June 

Results and Discussion 

o-----o Ungrazed 
+---. Grazed w 

1988 
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and July the accumulative, adverse effects of cattle grazing on root 
growth were apparent, as the relative number of roots for grazed 
orchardgrass was less (P<O.OOl) compared to ungrazed orchard 
grass. 

Large variability (experimental error) associated with root sam- 
pling has been reported by many researchers (Rowse and Phillips 
1974, Sanders and Brown 1978, Upchurch and Ritchie 1983, Tay- 
lor 1986, McMichael and Taylor 1987, Upchurch 1987). Coeffi- 
cients of variation (C.V.) in this study for the 4 root sampling 
periods in Figure 1 ranged from 8.8 to 27.7% for the ungrazed 
orchardgrass, and 10.4 to 26.7% for the grazed orchardgrass. The 
C.V. for roots of ungrazed orchardgrass steadily declined from 
April to July, while the C.V. for roots of grazed orchardgrass 
generally increased during this time period. This indicates that 
cattle grazing and concomitant uneven defoliation of plants may 
be causal in increasing experimental error associated with root 
counts of grazed orchardgrass plants. A greater sample size (mini- 
rhizotrons) for grazed plants vs. ungrazed plants may reduce 
experimental error and facilitate detection of treatment differences. 

Time required to sample each mini-rhizotron increases with: (a) 
increase in sampling depth; (b) smaller depth increments; and (c) 
increase in fields at each depth. Biihm et al. (1977) required 40 min 
to sample each mini-rhizotron to a 1.8 m depth at 5-cm intervals; 
Gregory (1979) required 45 min to monitor root growth around the 
entire circumference of each mini-rhizotron to a depth of 0.6 m; 
Richards (1984) required 20 min to sample each mini-rhizotron to 
a 1 m depth at 5-cm intervals. A comparable time period (50 min) 
was required in our study to sample each mini-rhizotron. Because 
root counts were fairly homogeneous among the 2 fields at each 
depth, we could have substantially reduced the time required to 
sample each mini-rhizotron and increased our sample size by mon- 
itoring root counts for only 1 field at each depth. 

Cautions and limitations we propose for mini-rhizotron use on 
rangelands include: 

Avoid excitation of grazing animals. 
The presence and grazing activity of livestock and/ or native 

ungulates greatly increases the probability of trampling and 
breakage of mini-rhizotrons. The greater the length of mini- 
rhizotron remaining above the soil surface, the greater the 
probability of trampling and breakage. The relatively short, 
IO-cm length of mini-rhizotron exposed above the soil surface, 
with the use of metal cans and natural debris as shields, mini- 
mized trampling and breakage. Spooking or disturbing live- 
stock and/or native ungulates can trigger rapid movement 
within areas containing mini-rhizotrons and should be pre- 
vented. 
Achieve good bulk soil/ mini-rhizotron contact. 

Achieving this in our study was difficult in soils with coarse 
fragments or rocks and would probably be difficult in soils with 
a caliche layer. Soils with these characteristics are commonly 
found on rangelands, therefore the ubiquitous use of the root 
periscope/ mini-rhizotron technique on some sites may not be 
feasible. 
Prevent formation of condensation on exterior of mini- 
rhizotrons. 

During winter months condensation occasionally formed on 
the subterranean, exterior surface of the mini-rhizotrons, pre- 
venting root observation. Lower ambient air temperatures at 
night compared to the soil may have created a temperature 
gradient at the bulk soil/ mini-rhizotron interface, resulting in 
condensation (Richards, personal communication). To prevent 
formation of condensation, pipe insulation was wrapped around 
exposed ends of the mini-rhizotrons. From subsequent mea- 
surements we found pipe insulation aided in remedying this 
problem. 

4. Monitoring root growth of species mixtures simultaneously. 
Roots of species mixtures may be distinguishable from each 

other using the root periscope/ mini-rhizotron technique (Richards 
1984). Roots of conifer seedlings and orchardgrass in our study 
were not distinguishable from each other with absolute cer- 
tainty because: (a) the fine roots observed were too small to 
allow detection of differences (color, e.g.); and (b) once suber- 
ized, roots of conifer seedlings were usually distinguishable 
from orchardgrass, but during the period of active root in- 
itiation/elongation they were not distinguishable from orchardgrass. ^.. . . 

Additional cautions and limitations on the use ot tnrs techmque 
can be found in papers by Biihm et al. (1977), Biihm (1979), 
Gregory (1979), Upchurch and Ritchie (1983), and McMichael and 
Taylor (1987). 
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n -___--:- -A,‘-- -2, ,-t ,-:-All -7 scarified neoteric switchgrass 

NANCY K. JENSEN AND A. BOE . 

Abstract 

Stand establishment from neoteric switchgrass (Pa&urn vtigu- 
turn L.) seed can be hindered due to dormancy. The objective of 
this study was to evaluate the effect of mechanical scariftcation on 
germination and seedling emergence of neoteric (l- to lgmonth- 
old) switchgrass seed. Scarification for 15 or 30 seconds in a 
Forsberg cylinder scarifler significantly increased 14-day germina- 
tion percentage for l- to 5-month-old seed of 5 cultivars. The 
magnitude of increase in seedling emergence due to scarification 
varied across cultivars. Four-month- and l&month-old seed lots 
of’Sunburst’and a North Dakota ecotype (NDE) exhibited signif- 
icant increases in germination and seedling emergence after scarifi- 
cation. Scarification increased overall mean germination percen- 
tage for 3 lots of Sunburst and 2 lots of NDE by 73% Field studies 
are needed to determine the usefulness of mechanical scarification 
as a preplant treatment for neoteric seed. 

emergence trials conducted in the greenhouse in January, Febru- 
ary, and April 1983. 

Seed lots used were: (1) ‘Sunburst’ stored at 7O C and 43% RH 
since harvest in September 1981 (8l-cold); (2) Sunburst stored at 
room temperature since harvest in September 1982 (82-room); (3) 
Sunburst stored in cold storage at 7” C and 43% RH since harvest 
in September 1982 (82-told); (4) NDE (a North Dakota ecotype) 
stored at 7’ C and 43% RH since harvest in August 1981(81-told); 
and (5) NDE stored at room temperature since harvest in August 
1982 (82-room). 

Key Words: Panicum virgatum L., seedling vigor, stand estab- 
lishment, seed coat, lemma, paler 

Switchgrass is generally easier to establish than many other 
native grasses, but neoteric seed lots often exhibit delayed and 
sporadic germination and emergence due to seed dormancy. 
Assuming proper seedbed preparation and utilization of approp- 
riate herbicides and planting equipment, seeds that germinate 
promptly after planting produce seedlings that generally have the 
benefit of temperature, light, and moisture conditions conducive to 
rapid seedling growth. 

At each planting date, random 5-g samples from each lot were 
subjected to: (1) no scarification (0); (2) 15 seconds of scarification 
in a Forsberg cylinder-type scarifier’ equipped with 2/O emery 
cloth; or (3) 30 seconds of scarification (procedure same as 2). 
Three lOO-seed (fertile floret) replicates of each seed lot X scarifica- 
tion time combination planted on 2 blotters moistened with 0.2% 
KNOs solution in covered 10 cm X IO-cm plastic germination 
boxes were placed in completely randomized designs on shelves in 
altemating(15OC/ 16 hr; 30°C/8 hr) and constant 20° C tempera- 
ture germinators on each date. Photosynthetic photon flux in the 
alternating temperature germinator was supplied with fluorescent 
bulbs at approximately 5 u mol photons/mr/sec (400-700 nm) 
during the 30” C period. The germinator set at constant 20” C was 
not equipped with lights. Germination was determined at 14 days. 
Seeds were considered germinated if both radicle and coleoptile 
were visible. 

The seed coat or outer coverings of the embryo are partially 
responsible for dormancy in various grasses (Burton 1939, Byers 
1973, Fendall and Carter 1965, Laude 1951, Sautter 1962, Wright 
1973, Zemetra et al. 1983). Coverings of the embryo may inhibit 
germination by interfering with water uptake or gas exchange, by 
containing chemical inhibitors, by acting as a barrier against 
escape of inhibitors from the embryo, by modifying light reaching 
the embryo, or by exerting mechanical restraint (Bewley and Black 
1982). 

Germination percentage data were analyzed as a factorial arran- 
gement of germinator temperatures, scarification times, and seed 
lots in a randomized complete block design with planting dates 
serving as blocks. The analysis was conducted on mean germina- 
tion percentages of the three lOO-seed replicates of each germinator 
temperature X scarification time X seed lot combination within 
each planting date. 

The seed unit of switchgrass is a floret with a shiny, glabrous, 
firm lemma and palea that tightly enclose the caryopsis. Sautter 
(1962) reported an 84% increase in emergence after rubbing 
switchgrass seeds between emery cloths to remove the lemma and 
palea, and Byers (1973) showed hull removal increased germina- 
tion by 60%. These studies indicated a high degree of the dormancy 
was caused by floret bra&. 

The objective of this study was to evaluate mechanical scarifica- 
tion for increasing rapid germination and seedling emergence, 
measured at 14 days after planting, in neoteric seed lots of 
switchgrass. 

Experiment I 

Materials and Methods 

For seedling emergence trials in the greenhouse, three 25-seed 
replicates from the same 5-g seed lot X scarification time samples 
used for germination trials were planted in completely randomized 
designs in a 3-soil [Vienna loam (tine-loamy, mixed udic haplobo- 
rolls)]: l-sand mixture in 10 cm diameter X 15 cm clay pots at a 
depth of about 1.5 cm. The NDE 81-told lot was not included in the 
January trial. Pots were watered as needed, and seedling emer- 
gence was determined at 14 days. Plants were considered emerged 
if at least the coleoptile was visible. The thermostat in the green- 
house was set at 23’ C, but higher temperatures occurred during 
mid-day under sunny conditions. No supplementary lighting was 
used. Since the NDE 8 l-cold lot was not included in the January 
trial, seedling emergence data were analyzed by individual planting 
dates as factorial arrangements of scarification times and seed lots 
in completely randomized designs with 3 replications. 

This experiment consisted of: (1) laboratory germination trials 
conducted in February, April, May, and July 1983, and (2) seedling 

All effects were considered fixed. 

Experiment II 

Authors are agronomist, Plant Materials Center, USDA/XX, Bismarck, N.Dak. 
585002; and associate professor, Plant Science Dep., South Dakota State University, 
Brookings 57007. At the time of the research, the senior author was research assistant, 
Plant Science Dep., South Dakota State University. 

Contribution from the South Dakota State Univ., Agr. Exp. Sta., Brookings 57007. 
Journal Paper 2466. 

Manuscnpt accepted 21 July 1990. 

In this experiment germination trials were conducted in October 
and November 1983 and January 1984, and a seedling emergence 
trial was conducted in the greenhouse in October 1983 on Sun- 
burst, ‘Pathfinder’, ‘Dacotah’, ‘Summer’, and ‘Forestburg’ seed 
harvested in September 1983 from a seed yield trial at Brookings, 

‘Fred For&erg and Sons, Inc., Thief River Falls, Minn. 56701. 
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S.Dak. Sampling scarification procedures, and germination and 
emergence data collection were conducted as in Experiment I. Seed 
was kept under cold storage during the Cmonth period. 

Germination and seedling emergence percentage data were ana- 
lyzed as for Experiment I, but cultivars, since they represented a 
range in the genetic variability that exists among switchgrass popu- 
lations from the northern and central Great Plains, were consi- 
dered random. 

Results and Discussion 

Experiment I 
Highly significant (p10.01) differences were found among 

treatment means in each of the 4 main effects (i.e., scarification 
t.itne,~planting date, germinator temperature, and seed lot) for 
14-day germination percentage, but scarification time X seed lot 
and scarification time X seed lot X germinator temperature inter- 
actions were also highly significant (psO.01). 

Scarification for 15 seconds significantly increased 14day ger- 
mination percentage over the nonscarified treatment for all seed 
lots in the 15/30° C and 20” C germinators, with the exception of 
Sunburst 81-told and 82-room lots in the 15/30’ C germinator. 
Increases in germination percentage due to 15-set scarification 
ranged from 5% for Sunburst 81-room to 36% for NDE 82-room in 
the 15/30° C germinator. Scarification for an additional 15 
seconds had little effect on germination percentage of all 5 seed 
lots, with the only significant increase in germination percentage 
occurring for NDE 82-room in the 20” C germinator (Table 1). 

Table 1. Germination at 14 days of nonscrrified and scarified seed of 5 lots 
of switchgrass tested at 2 temperature regimes. 

Seconds of scarification 

Lot 

Sunburst 
Ii-cold 

82-room 

82-told 

NDE 
II-cold 

82-room 

LSD (0.05) 

Temperature 0 15 30 

OC __________%_________- 

15/30 73 82 82 
20 32 61 67 

15/30 69 
20 38 :: 

71 
55 

15/30 32 55 55 
20 7 36 39 

15130 30 51 55 
20 13 32 33 

15130 8 44 51 
20 2 13 28 

10 

Fourteen-day germination percentage was significantly higher 
in the 15130” C germinator than the 20” C germinator for all seed 
lot X scarification time combinations other than the nonscarified 
NDE 82-room lot (Table 1). Ahring et al. (1959) found constant 
20° C resulted in less than 50% germination of 6-month-old 
switchgrass seed, while an alternating temperature of 20/35” C 
produced 88% germination. Nakamura (1962) also noted the effec- 
tiveness of alternating temperatures for germination of switch- 
grass. 

Germination percentage increased with aging of seed from Feb- 
ruary to July. The mean of the July trial (49%) was significantly 
(KO.05) higher than means of the February (420/o), April (44%), 
and May (45%) trials. 

The higher germination percentage of Sunburst 82-room com- 
pared to Sunburst 82-told in both germinators (Table 1) suggested 
dormancy in Sunburst dissipated faster under room temperature 
than under cold storage conditions. Coukos (1944) found big 

bluestem (Andropogon gerardii Vitman) and little bluestem 
[ Schizachyrium scoparium (Michx.) Nash] retained dormancy 
longer if kept under low temperature and relative humidity. 

Significant scarification time X seed lot interactions for each 
planting date indicated the effect of scarification on seedling emer- 
gence in the greenhouse was not uniform across lots (Table 2). 

Table 2. Seedling emergence of 5 mechanically scarified and nonscarified 
seed lots of switchgrass 14 days after planting in the greenhouse. 

Scarification time 

Seconds 
0 

15 
30 

0 
15 
30 

0 
15 
30 

0 
15 
30 

0 
15 
30 

LSD (0.05) 

Lot 

Sunburst 
8l-cold 

n 
n 

82-room 
* 
” 

82-told 
” 
” 

NDE 
II-cold 

” 
” 

82-room 
n 
” 

Month of test in 1983 

January February April 

__________%_________ 
24 19 73 
36 55 84 
35 49 72 
11 9 87 
12 33 73 
27 13 60 

4 3 55 
17 19 68 
29 17 49 

I 11 43 
31 60 

- 41 67 
0 0 32 

32 28 51 
37 36 64 
13 14 13 

‘Not included in this test. 

Scarification for 15 or 30 seconds significantly increased seedling 
emergence for both NDE lots in all 3 trials. Although 15-or 30-set 
scarification treatments significantly increased 14day seedling 
emergence percentage of Sunburst 82-room and 82cold in Janu- 
ary, all 3 Sunburst lots in February, and the 82-told lot in April, the 
effect of scarification was less consistent for Sunburst than for 
NDE lots. The considerably higher emergence percentage in April 
was likely due to warmer daytime soil temperature in the green- 
house due to increased daylength and higher ambient light 
intensity. 

Experiment II 
Scarification significantly (m.01) increased germination per- 

centage of the 5 cultivars. Mean germination percentages for 0-, 
15-, and 30-set scarification treatments were 9, 39, and 39%, 
respectively. 

As was found in Experiment I, germination percentage was 
significantly (p10.01) higher in the 15/ 30’ C than the 20’ C 
germinator (38 and 20%, respectively), and also increased with 
aging of the seed. Mean germination percentages for October and 
November 1983 and January 1984 tests were 20, 26, and 41%, 
respectively. 

Germination percentage differed (m.01) among cultivars and 
ranged from 22 to 36% for Forestburg and Pathfinder, respec- 
tively. Tetrazolium tests were not conducted on the remaining 
nongerminated seeds, therefore these data do not necessarily 
reflect viability differences among cultivars. 

Highly significant (EO.0 1) differences were found among scari- 
fication times and among cultivars for seedling emergence in the 
greenhouse in October 1983, but a highly significant (PQJ.01) 
scarification time X cultivar interaction indicated the effect of 
scarification was not consistent across cultivars. As was found in 
Experiment I, 15-set scarification generally increased emergence, 
but increasing scarification time to 30 seconds had either no effect 
or a negative-effect depending on the cultivar (Table 3). 
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Table 3. Seedling emergence of nonscarified and mechanically scarified 
neoteric seed of 5 switchgrass cultivars 14 days after planting in the 
greenhouse. 

Cultivar 0 set 
Scarification time 

I5 set 30 set 
_________________%_________________ 

Sunburst 3 33 21 
Pathfinder 20 59 33 
Summer 7 9 5 
Dacotah 0 6 IO 
Forestburg 4 20 I9 
LSD 10.05) I2 

Conclusions 
Our results demonstrated that mechanical scarification of neo- 

teric switchgrass seed increased 14day germination and seedling 
emergence in the greenhouse. The effect of scarification on seed 
unit structure was not evaluated, but since lemmas and paleas 
generally remained intact after scarification, the abrasion appeared 
not to be severe. Scarification may have weakened fibers in the 
lemma, thus decreasing restriction in water uptake and embryo 
expansion caused by the tight seal formed by the lemma and palea 
(West and Marousky 1989). 

McWilliams (1950) showed that germination percentage of 
switchgrass increased with age of seed up to 4 years. Planting 
neoteric seed is not recommended if older high quality seed is 

In only 1 case (Sunburst 82-room seedling emergence in April) 
did we observe a negative effect of 15-set scarification on 14-day 
germination and seedling emergence. However, since the effect of 
an additional 15 seconds of scarification was not consistent across 
seed lots, the length of time of scarification that produces the 
greatest increase in rapidity of germination and seedling emergence 
may be seed lot dependent. Acid scarification of freshly harvested 
kleingrass (Punicum colorutum L.) seed differentially stimulated 
or hindered germination of certain genotypes (Tischler and Young 
1983). 

available. However, in periods of high demand neoteric seed may 
be all that is available. Field studies comparing emergence rates 
and stand establishment characteristics of scarified and nonscari- 
fied lots of neoteric seed of switchgrass need to be conducted. 
Development of simple, mechanical seed treatment procedures 
that increase speed of seedling emergence of switchgrass would be 
beneficial throughout the Great Plains. 
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Book Reviews 
Edwards Plateau Vegetation: Plant Ecological Studies in Wildlife Production Systems: Economic Utilization of Wild 

Central Texas. Bonnie B. Amos and Frederick R. Gehl- Ungulates. 1989. Edited by Robert J. Hudson, K.R. Drew, 
bath (eds.) 1988. Baylor University Press, Waco. 144 p. and L.M. Baskin. Cambridge University Press, Cam- 
U.S. $21.50 paper. bridge, UK. 469 p. US $95.00 hardbound. 
The Edwards Plateau is a distinctive vegetation region in central A major challenge in teaching the general principles and charac- 

Texas. Edwnr& Plateau Vegetation is a compilation of proceed- teristics of game ranching to university students has for me been to 
ings from a symposium sponsored by the Southwestern Associa- compress the dizzying diversity of production systems into a 
tion of Naturalists in April 1984. The book is organized into 8 coherent framework. Wildlife Production Systems succeeds in 
chapters, each written by different authors. Chapters 2-8 are in a framing examples of the fascinating ungulate systems found world 
journal article format (they include an introduction, materials and wide with enough generalizations and structure fore, aft, and 

methods, and results and discussion). All the authors are persons within to be an effective statement of the current art. 

who live ee Edwards Plateau. A summary is pro- The success of the editors in avoiding fragmentation in the book 

vided at the end of the book. comes from their organization of the subject into 8 sections with an 

In chapter 1, the stage is set for the rest of the book by providing organizational introduction to each section. The sections are 

an introduction to the physiography, topography, geology, cli- 
entitled Introduction, Subsistence Hunting, Recreational and 

mate, and vegetation of the Edwards Plateau. The treatment is 
Commercial Hunting, Herding, Extensive Containment Systems 

thorough, although the vegetation descriptions are somewhat 
and Game Ranching, Intensive Containment Systems: Game 
F 

cumbersome reading. 
arming, Experimental Systems, and Environmental and Socio- 

A discussion of the vegetation of the region before 1860 is 
economic Implications. The rationale and terminology of this 

presented in the second chapter. The author used statements in the 
organization are presented in the introduction. 

Within each section are from 2 to 4 papers addressing either a 
literature made about the vegetation before 1860 and witness tree particular issue (e.g., International Trade, Impact on Conserva- 
data from early land survey notes to reconstruct relationships to tion) or a particular industry in a region (e.g., Bison Farming in 
other areas and to estimate the proportion of woodland versus North America, Commercial and Safari Hunting in Zimbabwe). 
grassland and savanna vegetation. There are, in addition to the organizational introduction, a total of 

Floristic geography of woody and endemic plants is discussed in 25 papers with 35 listed contributors. Figures are few but well 
chapter 3. To study the vegetation patterns of the region, the chosen. The introduction contains several interesting tables on 
authors used county distributions of numerous species and princi- imports and exports of game meat. Other papers contain tables 
pal components analysis to identify local assemblies of species summarizing data on production of species in different regions and 
based on their distributions and to group counties sharing the same countries. Numerous source references are cited in each paper. For 

floristic pattern. an edited book with papers from diverse origins, the style, techni- 

Woody vegetation types of the Edwards Plateau are described in cality, and format are consistent throughout. Many papers are 

chapters 4 and 5. Inferences regarding successional communities in partial summaries of research by the contributing authors. The 

different parts of the region are made based on data collected and 
scientific writing style has been streamlined for more interesting 

analyzed by the authors. 
reading. 

The role of fire in determining community structure in the 
Emphasis on the book is toward production of ungulate species 

Edward’s Plateau is examined by the authors of chapter 6 and 
f or economic benefit through multiple products. Perpetuation and 

interspecific relationships among grasses and among woody plants 
conservation of species are addressed on their intrinsic merits and 

that occur in the Edwards Plateau are discussed in chapter 7. 
as products of efficient production systems. 

Long-term (1948-1982) changes in vegetation in grazed Pastures 
With its good organization and diversity of contributed papers, 

and an ungrazed pasture on the Texas A&M University Texas 
Wildlife Production Systems should be of interest to a wide variety 
of readers. Also, those involved in game ranching will find it useful 

Agricultural Experiment Station at Sonora are described in chap- and interesting.-David L. Scarnecchia, Washington State Uni- 
ter 8. The authors relate plant succession in the pastures to fluctua- versity, Pullman, Wash. 
tions in climate and changes in grazing management and discuss 
possible reasons for the slow rate of succession. 

Edwards Plateau Vegetation is put together in a logical sequence 
of chapters and is well written. The book is an excellent reference 
for students and researchers interested in the vegetation of the 
Edwards Plateau. Subject matter in the book is regional in focus 
and the chapters are limited in scope. The information presented is 
primarily descriptive with scant information on successional 
mechanisms and other ecological processes. Thus, it would be of 
limited interest to most readers outside of central Texas.- 
Timothy E. Fulbright, Texas A&I University, Kingsville. 
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