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Abstract

Global positioning system (GPS) data collected over a 4-yr period on 52 crossbred young cows grazing a 146-ha pasture were
used to determine whether cattle establish patch-scale rotational patterns within pastures. Cow positions at 5-min intervals were
recorded during 20 d in late winter/early spring. Estimated per capita forage allowance (PCFA) was 347 kg herbage � cow�1, 438
kg herbage � cow�1, 1 104 kg herbage � cow�1, and 1 884 kg herbage � cow�1 in 2004, 2005, 2006, and 2007, respectively.
Cumulative winter/early spring precipitation (CPPT) was low in 2004 and 2006 (35 mm and 30 mm, respectively) and high in
2005 and 2007 (119 mm and 112 mm, respectively). Structured query language codes developed for this study were used to 1)
select grazing GPS points with movement velocities between 1 m �min�1 and 20 m �min�1, 2) overlay location data on a pasture
map subdivided into 30330 m pixels, and 3) calculate percentage of grazed pixels (% GP), pixel residence time (RT), revisit rate
(RR), and return interval (RI) for each animal. Cows grazed 31% 6 5.9 SEM of all pixels for 21 min 6 3.7 SEM, visited grazed
pixels 1.6 times 6 0.18 SEM, and returned to grazed pixels after 5 D 6 2 SEM. As PCFA increased, % GP decreased (r¼�0.42)
and RI increased (r¼0.73) significantly (P , 0.01); however, RT decreased (r¼�0.46) and RR increased (r¼0.6) significantly
(P , 0.01) with increasing CPPT. Pixel attributes (elevation, aspect, slope, percentage of tree cover, and distance from water,
roads, and fences) failed to explain variation in pixel RT (R2¼0.28) regardless of PCFA. The same predictors explained most of
the variation in pixel RR and RI when PCFA was high (R2¼0.86 and R2¼00.76, respectively). Cows appear to establish their
own patch-scale rotational patterns within pastures. Nonforage pixel attributes appear to have a strong influence on such
patterns.
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INTRODUCTION

Early rotational grazing systems (RGS) on rangelands endeav-

ored to reproduce ecosystem benefits promoted by ungulate

migratory patterns observed in the wild (Coughenour 1991).

Although this notion continues to be intuitively appealing,

emulation of desirable components of wild ungulate movement

patterns has been extremely difficult to achieve in RGS

(Coughenour 1991; Holechek et al. 1999; Briske et al. 2008).

Coughenour (1991) pointed out that ‘‘livestock may create

smaller scale grazing systems of their own within paddocks’’ (p.

535) so even if movements are not controlled (e.g., under

continuous grazing) ‘‘individual animals or groups can never-

theless rotate’’ (p. 535). Two decades later, despite recent

advances in livestock telemetry tools and methods, this

phenomenon has not been adequately studied. Understanding

the mechanisms that underlie animal-driven patch reuse

patterns within a paddock could improve the likelihood of

achieving the elusive goal of developing livestock grazing

systems/strategies that partially reproduce wild ungulate

movement patterns.

We reanalyzed global positioning system (GPS) data collect-

ed over 4 yr in two previous studies (Black-Rubio et al. 2008;

Wesley et al. 2012) to determine 1) whether cattle establish

patch-scale rotational patterns within a pasture and 2) which

patch-related factors influence such patterns. We hypothesized

that as per capita forage allowance increased (lower stocking

rate), cattle would graze fewer patches, would revisit each

patch less often, and would graze each patch for a longer

period of time during each visit. We also hypothesized that

patch revisit patterns would be influenced by patch accessibility

(distance from roads, fences, and drinker), patch vegetation

type (woodland vs. grassland) and topography (ridges vs.

swales).

MATERIALS AND METHODS

Study Site
Our data were collected at New Mexico State University

Corona Range and Livestock Research Center (CRLRC; lat

34815036 00N, long 105824036 00W) approximately 22.5 km east

of Corona, New Mexico. The CRLRC covers an area of 11,285

ha with elevations ranging from 1 743 m to 2 042 m. The

climate is semiarid, with warm summers and cold winters and

an average of 188 frost-free days. Mean annual precipitation is

about 400 mm. Soils of the CRLRC area range from sandy

loams to clays overlying caliche hardpan. Vegetation is

composed of perennial shortgrasses with an overstory of sparse
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to dense piñon pine (Pinus edulis Engelm.) and one-seed juniper
(Juniperus monosperma Engelm.). The predominant understo-
ry grasses are blue grama (Bouteloua gracilis Willd.), wolftail
(Lycurus phleoides Kunth), threeawns (Aristida spp.), sideoats
grama (Bouteloua curtipendula Torr.), and sand dropseed
(Sporobolus cryptandrus Torr.; Black-Rubio et al. 2008). Data
used in this study were collected in a 146-ha pasture with 55%
of the area covered by open shortgrass steppe and 45% by
piñon–juniper woodlands A single drinking water source was
available on the far west end of the pasture (Fig. 1).

Animals
Fifty-two 3–4-yr-old crossbred cows were monitored over a 4-
yr period. Different cows were monitored in each year. Each
cow was fitted with a GPS collar (Lotekt 2200 or 3300, Lotek
Wireless, New Market, ON, Canada) configured to record and
store an animal’s position at 5-min intervals during 20 d in late
winter/early spring. In the first 2 yr (2004 and 2005), 77 and 88
cows grazed the pasture, respectively, and eight cows were
tracked in each year (Black-Rubio et al. 2008). In last 2 yr
(2006 and 2007), the pasture was grazed by 18 cows in each
year and all the cows were tracked (Wesley et al. 2012). Thus,
our study pasture was stocked moderately (1.94 ha � animal
unit months [AUM]�1 6 0.04 SEM) in the first 2 yr and lightly
(4.45 ha � animal unit months [AUM]�1 6 0.10 SEM) in the last
2 yr. Recommended stocking rate for the study area averages
1.6 ha �AUM�1 (USDA-NRCS, 2011).

Data Analysis
GPS data were formatted to use as input for structured query
language (SQL) codes developed for this study. A file with
upper left corner coordinates for each pixel (30330 m, 1 625
pixels total) extracted from a Landsat TM image of our study
area using ENVI (Research Systems Inc, Boulder, CO; Fig. 1)
was also used as input. The SQL codes only extracted presumed
grazing locations using animal velocity between two consecu-
tive points as the selection criterion; only points corresponding
to velocities ranging between 1 m �min�1 and 20 m �min�1

(partially following Ungar et al. 2005) were extracted. Grazing
points were used to calculate percentage of grazed pixels (%
GP), and pixel residence time (RT, minutes), revisit rate (RR,
visits on different days), and return interval (RI, days between
visits when cows grazed the same pixel more than once) for
each animal. Reference ArcGIS layers previously developed
using digital elevation model products from the US Geological
Survey and Landsat satellite images (30330 m pixels)
containing slope, elevation, aspect, percentage of tree cover,
and distance from drinking water, roads, and fences for each
pixel (Prileson 2013) were used to calculate the relationship
between pixel attributes and RT, RI, and RR for each pixel.

Precipitation data for each year were retrieved from an
automatic weather station in the proximity of our research site
(Adams station: elevation 1 882 m, lat 34815 0N, long
1058250W). Per capita forage allowance was calculated using
herbaceous biomass data collected in open grassland and open
woodland areas of the pasture. Data were only available for the
first three sampling seasons (Black-Rubio et al. 2008; Wesley et
al. 2012); therefore, herbaceous biomass for the last season was
estimated using two predictors: 1) Moderate Resolution
Imaging Spectroradiometer (MODIS)-derived Normalized Dif-
ference Vegetation Index (NDVI) of grassland area pixels and
2) cumulative late winter/early spring precipitation. MODIS
images for all four sampling seasons were ordered and
downloaded from the Oak Ridge National Laboratory
Distributed Active Archive Center (ORNL DAAC 2011). Each
image was overlaid on our study area map in ArcGIS 10 (ESRI,
Redlands, CA) and the average NDVI of 10 pixels covering
open grassland area were used to develop a model to predict
biomass availability (R2¼0.95). A second model using cumu-
lative precipitation for each season was developed to predict
biomass availability (R2¼0.96). Thus, forage allowance
(kg � head�1) for fourth year was estimated using the average
of predicted biomass availability obtained with the NDVI and
cumulative precipitation regression models.

The nature of the relationships between % GP, pixel RT, RR,
and RI and either per capita forage allowance or late winter/
early spring cumulative precipitation was analyzed using

Figure 1. Study area attributes and pixel boundaries (30330 m, n¼1 625).
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PROC CORR in SAS 9.3. The relationship between pixel
attributes (elevation, aspect, slope, percentage of tree cover,
distance from water, distance from roads, and distance from
fences) and pixel use patterns by cows for low and high forage
allowance years was determined using regression analyses.
Models were corrected for spatial autocorrelation by compar-
ing three types of regression algorithms: ordinary least squares,
spatial lag models, and spatial error models using GeoDa
software (Anselin 2005). The appropriate model was selected
based on the Lagrange Multiplier (LM) and robust LM
diagnostics (Anselin et al. 2006).

RESULTS

Forage allowance was low in 2004 and 2005 (347 kg � head�1

and 438 kg � head�1, respectively), and high in 2006 and 2007
(1 104 kg � head�1 and 1 884 kg � head�1, respectively). Cumu-
lative winter/early spring precipitation was low in 2004 and
2006 (35 mm and 30 mm, respectively) and high in 2005 and
2007 (119 mm and 112 mm, respectively).

Cows in this study grazed on average 31% 6 5.9 SEM of the
available area, and visited each grazed pixel 1.6 times 60.18
SEM during the 20-d periods considered. Cows grazed pixels
for 21 min 6 3.7 SEM per visit on average, and revisited grazed
pixels at 5 d 6 2 SEM intervals (Table 1).

As per capita forage allowance increased, cows grazed a
smaller area of the pasture (r¼�0.42; P , 0.01), and took
longer to return to previously visited pixels (r¼0.73; P , 0.01;
Table 1). However, neither the number of visits to a pixel
during the 20-d period nor the time spent grazing each pixel
during each visit were related to per capita forage allowance.
Both these variables were significantly correlated to (P , 0.01)
with cumulative winter/early spring precipitation. As precipi-
tation increased, cows spent less time grazing in each pixel
(r¼�0.46) and returned to grazed pixels more often (r¼0.60;
Table 1). Area of the pasture grazed and time interval between
pixel revisits were not related with winter/spring cumulative
precipitation.

Diagnostic tests indicated that a spatial lag regression model
was the most adequate for our data. The suite of pixel

attributes included in the model explained a relatively small
amount of the variation in pixel residence time regardless of
forage allowance conditions (Table 2). The same predictors,
however, explained most of the variation in pixel RR and RI in
situations of high forage allowance. In years with low forage
allowance, pixel attributes included in the model only
explained about half of the variation in RR and RI (Table 2).
Distance to water, distance to roads, and piñon–juniper cover
were negatively related with RT, RR, and RI in all models and
were significant predictors (P , 0.05) in most (Table 2).
Conversely, the slope of a pixel was always positively related
with RT, RR, and RI and was a significant predictor in four of
the six models (Table 2). Pixel elevation, aspect, and distance to
fences appeared to be less important predictors in all models
(Table 2).

DISCUSSION

Cows in this study grazed on average one-third of the available
area and visited each grazed pixel more than once during a 20-
d grazing period. Animals tended to use less of the available
area and took longer to return to previously grazed pixels when
forage allowance was high but visited each grazed pixel a
similar number of times. Therefore, our analysis provided only
partial support for our first hypothesis. In rainy years, cows
rotated more rapidly, spending less time grazing in each pixel
and revisiting grazed pixels more times. Our results appear to
support Coughenour’s (1991) hypothesis that ‘‘livestock may
create smaller scale grazing systems of their own within
paddocks’’ (p. 535).

Cattle have been shown to visit a higher number of feeding
stations and to spend less time at each feeding station in
variable vs. constant experimental feeding environments (Laca
1998). Similarly, cows in this study rotated among pixels more
rapidly in wet years when the forage environment was possibly
changing due to the onset of early spring cool season forage
green-up. Our results also appear to provide general support
for mechanisms proposed in the Bailey et al. (1996) landscape
grazing distribution model. The time it took cows to return to
previously grazed pixels increased with increasing presumed

Table 1. Pixel-use response variables (mean 6 SEM) and their pairwise correlation coefficients with forage allowance and spring precipitation (n¼52).

Response variables

Area grazed (%) Return interval (d) Residence time (min) Return rate (visits)1

Forage allowance

Low years 35.7 6 1.14 2.7 6 0.17 19.9 6 0.79 1.7 6 0.05

High years 29.0 6 0.88 6.0 6 0.25 21.0 6 0.65 1.6 6 0.03

Spring precipitation

Dry years 31.4 6 1.03 4.6 6 0.38 22.4 6 0.62 1.6 6 0.02

Wet years 31.0 6 1.30 5.4 6 0.40 19.1 6 0.67 1.8 6 0.04

Average 31.1 6 5.92 5.0 6 2.02 20.8 6 3.69 1.6 6 0.18

Pairwise correlation coefficients

Forage allowance �0.422 0.732 �0.23 0.01

Spring precipitation �0.01 0.15 �0.462 0.602

1Visits on different days.
2P , 0.01.
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forage value of a pixel as proposed by Bailey et al. (1996). In
years when pixel forage conditions were better (higher
allowance or rapid green-up) cows may have established higher
reference value expectations (sensu Bailey et al. 1996) and on
average took longer to return to previously grazed pixels. A
larger number of pixels in these years may have fallen below
the reference value expectations. The opposite was true of years
with less favorable forage conditions (low allowance or absence
of green-up). In these years animals tended to take less time to
return to previously grazed pixels. This pattern appears to
agree with the Bailey et al. (1996) simulated livestock use of
nutrient-rich vs. nutrient-poor sites.

Because our analysis spanned an animal’s 20-d reference
memory (as defined by Bailey et al. 1996) cognitive memory-
based mechanisms referred to above may have been responsible
for the patterns we observed. However, cattle are also able to
associate visual cues with forage attributes and thus track
changes in greenness, a noncognitive behavioral process that does
not require animals to rely on spatial memory (Howery et al.
2013 and references therein). It is likely that both spatial memory
and visual cues may have been responsible for the higher RR of
grazed pixels during the years with high precipitation.

Our findings support our second hypothesis and agree with
previous studies that indicated that animal spatial distribution
was affected by landscape features (Roath and Krueger 1982;
Owens et al. 1991). Our data, however, suggest that landscape
features have little influence on pixel residence time and explain
a smaller portion of pixel reuse patterns when overall per capita
forage allowance is low. When forage allowance was high, pixel
attributes such as distance to water, distance to roads, piñon-
juniper cover, and slope explained most of the variation in pixel
RR and RI. The positive relationship between pixel slope and
use can be attributed to the fact that cows preferred to graze on
gentle (, 5%) slopes surrounding a swale that traversed our
study pasture. Cows spent more time grazing pixels located
closer to water or roads and returned to these pixels more often
compared to pixels located far from water or roads, particularly

when forage allowance was high. This finding agrees with
Owens et al. (1991) who reported that use of areas close to the
roads decreased when forage availability was limited. Although
low use of woodlands in our study may have been influenced by
their location relative to the drinker, Black-Rubio et al. (2008)
showed that cows move in and out of woodland areas daily in
response to adverse weather conditions.

IMPLICATIONS

Our study suggests that cows establish patch (pixel)-scale
rotational patterns within pastures and that these patterns are
driven by forage availability, recent precipitation, and pixel
nonforage attributes. Cognitive and noncognitive mechanisms
may allow animals to respond to patch forage attributes. These
response patterns, however, appear to be nested within a higher
hierarchy of foraging decisions associated with preference or
avoidance of vegetation types (e.g., woodlands) and ease of
access of grazed pixels (e.g., pixels close to water and roads).
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