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Abstract

The multiple spatial and temporal parameters affecting cattle herd distribution and activity dynamics can
significantly affect resource utilization but are not fully understood. The aim of this study was to determine whether
current animal tracking technology and spatio-temporal analysis tools can be used to integrate multi-scale
information on herd distribution patterns as a function of seasonal forage production, periods of the day, animal
activity, and landscape features. Positional and activity information of 11 free-ranging cows within a 31-member
herd was obtained at 5-min intervals by using GPS collars for 1 year within a 457-ha ranch in the semi-arid
rangelands of South Texas. Forage biomass was calculated with satellite imagery. Spatial analysis of cattle
distribution and landscape features was conducted with GIS.

Herd spread was greatest during the growing season. Throughout the year, during midday, the herd showed
smaller spread and greater use of shade patches than any other time of day. Cattle also aggregated under trees in
winter, particularly during the night. There was no statistically significant overall pattern of seasonal changes in the
use of water and supplemental feeding areas, but a trend toward highest use during the winter. However,
significantly different diurnal patterns in the use of supplemental feed and water were observed within each
season.

This study found a strong influence of shade patches relative to the influence of water and supplemental feeding
areas on the diurnal and seasonal movement patterns of cattle in shrub-dominated rangeland. Although this study
used only 11 tracked cows in a 31-member herd, the results indicated that techniques such as seasonal and diurnal
GPS tracking, GIS, and remote sensing data enable evaluation of multiple spatial and temporal dynamics of cattle
distribution and activity patterns. The smaller spread during the dry winter season associated with the observed
aggregation of individuals in water and supplemental feeding areas, may aid in determining the most critical times
for providing supplemental resources and guide the allocation of those resources to areas not frequently used by
cattle, thus stimulating the animals to visit unused sites during the non-growing season.
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Introduction

Given the current critical status of habitat degradation
and loss, species invasion, and global climate change,
there has been great interest in more accurate, explicit
studies identifying factors affecting species distribution
(Ritchie et al. 2009; Butt 2010). Ungulates play essential
roles in natural environments, where they shape the
vegetation composition and structure and influence eco-
system function, and in managed settings, where they
provide resources to human populations (Butt 2010;
Goheen et al. 2010). Developing better predictive models
of ungulate movement patterns is important in assessing
the relationships among species distribution, ecosystem
change, and pastoralist livestock operations (Butt 2010).
Ungulate behavior is influenced by landscape structures
and resources, as well as the interaction of ecological
processes occurring at different spatial and temporal
scales (Hinch et al. 1982; Senft et al. 1987; Bailey et al.
1996; Johnson et al. 2002; Seagle and McNaughton 1992;
Weladji et al. 2002; Bailey 2004, 2005; Peters et al. 2004,
2006; Stephenson et al. 2016; Stephenson and Bailey
2017; Cheleuitte-Nieves et al. 2018). Therefore, flexible
and opportunistic nutritional and physiological strategies
can be developed on the basis of this spatio-temporal
variability, thus producing distinct spatial distribution
patterns in wildlife and livestock, and in natural and
managed settings (Scoones 1995; Seagle and McNaugh-
ton 1992; Parker et al. 2009). Wild and domestic ungu-
late herds grazing in arid and semi-arid rangelands
exhibit uneven grazing distribution, owing to the ani-
mals’ tendency to select areas of highly palatable forage
near critical resources such as water (Belovsky 1984;
Frixell 1991; Scoones 1995; Wallace et al. 1995; Cooper
et al. 2006, 2008; Parker et al. 2009). Particularly in ri-
parian zones, uneven pasture use can result in soil ero-
sion, degradation of vegetation, bacterial contamination
of water bodies, diminished economic returns, and in-
creased supplemental feed costs (Turner et al. 2000;
Ganskopp 2001; Launchbaugh and Howery 2005; Harris
et al. 2007; Butt 2010). Therefore, the activities and
spatial distribution of large herbivores are influenced by
environmental conditions and processes occurring at dif-
ferent scales, and their activities and distribution can
consequently affect patterns of ecosystem structure and
function (Goheen et al. 2010).

Although previous studies have explored important
abiotic (e.g., slope, distance to water) and biotic (e.g.,
animal species, forage abundance, and quality) factors
influencing large herbivore movement, the effects of re-
lationships and interactions of processes occurring at
different temporal scales on ungulate herd distribution
dynamics have not been fully explored. Biological sys-
tems are complex, and processes occurring at different
scales jointly influence the system and consequently
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affect animal behavior in unique ways (Johnson et al.
2002; Peters et al. 2004, 2006). Hence, examination of
the multi-scale interaction of system processes might
provide novel insights into the factors and processes af-
fecting animal movement dynamics and aid in the devel-
opment of better predictive models of animal
distribution and their effects on the environment (Bailey
1995; Ritchie et al. 2009; Cheleuitte-Nieves et al. 2018).
Furthermore, many of these studies have been con-
ducted in northwestern mountainous rangelands of
North America and montane cold regions of Europe. In
contrast, the Southern Plains in North America have
gentle terrain and very different temperature, precipita-
tion, and vegetation production regimes from those in
the northwest (Taylor et al. 1999), as well as different
factors potentially influencing cattle distribution. Explicit
spatio-temporal analyses at multiple scales are needed to
better understand these relationships and, in the case of
livestock, to develop more effective management tech-
niques that promote better distributed pasture use
(Launchbaugh and Howery 2005).

Ungulate distribution studies are usually based on field
observations of several animals, and analyses of move-
ment patterns are difficult to measure (Stricklin 1983;
Turner et al. 2000, 2001; Harris et al. 2007). These stud-
ies have limited accuracy, few to no replications, and al-
most no night time observations. For example,
Stephenson et al. (2016) have shown that herd size ap-
pears to influence association patterns among members
of cattle herds. They have detected no strong or weak
association patterns in herds of 40 cows or fewer
through visual observations; however, in groups larger
than 40 animals, herds tend to show subgrouping behav-
ior and use different parts of the pasture. To better
understand the relationship between landscape charac-
teristics and animal movement dynamics, tracking tech-
nology such as global positioning systems (GPS)
integrated with geographical information systems (GIS)
and remote sensing techniques have been used (Gans-
kopp et al. 2000; Turner et al. 2000, 2001; Ungar et al.
2005; Butt 2010). These advances in geospatial data ac-
quisition allow for precise tracking of animal distribution
and landscape characteristics, which can provide new in-
formation useful for more accurate ethological studies
and investigations of the responses to landscape struc-
ture and changes in the environment (Ungar et al. 2005).
For example, when long-term field measurements of bio-
mass availability are not available, remotely sensed esti-
mates can serve as a viable alternative (Butt 2010).
Vegetation indices, derived from various satellite plat-
forms and sensors, are dimensionless, radiometric mea-
sures that indicate the relative abundance and biological
activity of green vegetation on the basis of the differen-
tial brightness between the red and near-infrared bands
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(Jensen 2005). The Normalized Difference Vegetation
Index (NDVI) is considered “the most robust indicator
of available forage biomass” used in many ecosystems to
determine the spatio-temporal variability of vegetation
resources (Butt 2010). Furthermore, it has been used for
more than 30 years throughout sub-Saharan Africa and
has been described as the most reliable vegetation index
of the dried biomass characteristics of savanna ecosys-
tems (Martiny et al. 2005, 2006; Butt 2010). Remotely
sensed environmental data coupled with the GPS loca-
tions of animal distribution patterns have been demon-
strated to be useful for uncovering the grazing dynamics
of both wild ungulates and domestic livestock in various
environments (Bailey et al. 1996; Ganskopp 2001; Ungar
et al. 2005; Butt 2010). Given that forage biomass is a
major factor influencing large herbivore movement, the
NDVI should be beneficial in assessing how seasonal
changes in forage relate to patterns of ungulate use of
landscape structures and resources in a brushy savanna
(Senft et al. 1987; Sowell et al. 1999).

Free-ranging beef cattle, Bos taurus, are a good model
for empirical testing of large herbivore herd movement
patterns (Reinhardt 1983; Sarova et al. 2010) because
they behave similarly to natural, wild herds when human
interference is minimal, while allowing for ease of hand-
ling (Reinhardt 1983). The goal of this study was to de-
termine whether current animal tracking technology
(i.e., GPS collars and activity sensors) and spatio-
temporal analysis tools (i.e., GIS and remote sensing)
might be used to better understand how landscape char-
acteristics affect the spatial distribution of a cattle herd
in a semi-arid rangeland, as well as the factors influen-
cing herd spread as a function of multiple temporal
scales. The specific objectives were to (1) examine the
patterns of herd spread as a function of seasonal forage
production, periods of the day, and animal activity
schedules, (2) determine the degree of seasonal use of
shade patches by cattle at different periods of the day,
and (3) determine the seasonal and diurnal influences of
water and supplemental feeding locations on cattle dis-
tribution patterns. We hypothesized that seasonal
changes in forage availability and diurnal changes in
temperature would affect herd spread and animal activ-
ity. More specifically, we expected the herd to congre-
gate more and spend more time around supplemental
feeding and water areas during the dry season and
around shade patches during midday (i.e., under higher
ambient temperatures). Examination of the spatial and
temporal patterns of herd distribution and associated en-
vironmental factors can improve understanding of the
factors and processes influencing herd spatial distribu-
tion and potential cross-scale interactions. Furthermore,
an improved understanding of herd behavior could po-
tentially guide the enhancement of management regimes
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aiming to manipulate spatial patterns, enhance animal
comfort, increase production efficiency, and be more
compatible with animal behavior (Stricklin 1983).

Methods

Study area

The rangelands of the southern USA are part of the sub-
tropical savanna and shrubland biome, which also in-
clude areas of South America, Africa, Australia, and
India (Ricklefs 2001). The study site was a 457-ha ranch
in Uvalde County, Texas (lat 29°19'8.584"” N, long
99°42'54.161" W; Fig. 1), located in the South Texas
Plains Ecoregion near the transition zone to the Edwards
Plateau. The topography is mostly level, with gentle un-
dulating planes (Taylor et al. 1999). This area has a
semi-arid climate characterized by dry winters and hot,
humid summers (United States Department of Agricul-
ture 1976). The mean annual precipitation is 406 mm,
and there are substantial inter-annual variations (Per-
otto-Baldivieso et al. 2012). More than two-thirds of the
precipitation occurs during the warm season from May
through October, and the highest amount of rainfall is
usually in May, which is followed by a second rainfall
peak in September. The mean temperatures range from
2.9 °C in the winter to 36.7 °C in the summer. The grow-
ing season lasts 340 to 360 days.

Soils in the west part of the ranch are mostly Montell
clay characterized by gently sloping (0 to 3% slope),
deep, calcareous soils formed in clayey alluvium on out-
wash plains (Clay Flat range site; USDA 1976). Soils in
the eastern part of the ranch are mostly undulating
Olmos on low ridges characterized by shallow calcareous
soils formed in beds of caliche (Shallow Ridge range
site). The ranch is externally fenced and has no natural
water sources but has three dispersed water troughs and
a large pond at the southeast part of the ranch. There is
a network of dirt roads to facilitate cattle and deer man-
agement. The property was under a continuous year-
long grazing schedule with a stocking rate of 15 ha/AU.
Supplemental feed operations occurred at least three
times per week between 10:00 and 15:00 at one location
per feeding time (Fig. 1). The supplement consisted of
20% (crude protein) breeder range cubes, a feed for ma-
ture beef cattle on pasture. This system provided no
resting period for vegetation, and herds were hay-fed
(Sorghum almum x S. drummondii; 10.8% crude protein,
42% acid detergent fiber, 68% neutral detergent fiber,
56% total digestible nutrients, 0.46% calcium, 0.21%
phosphorus, dry matter basis) year-round.

The study area had 29.4% woody cover composed of
low-growing, thorny vegetation that formed dense
mottes of small trees and shrubs with a grassland matrix.
Small live oak trees (Quercus virginiana) formed mottes
scattered throughout the landscape, which were
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Fig. 1 The 457-ha study site is a gentle terrain semi-arid rangeland located between two ecological regions: Edwards Plateau and South Texas
Brush Country, TX, USA. Water locations (black circles), supplemental feeding areas (black crosses), and shade patches (areas with diagonal lines)

surrounded by a diverse variety of shrubs. The dominant
shrubs were catclaw acacia (Acacia greggii), twisted aca-
cia (Acacia schaffuneri), agarita (Mahonia trifoliate), spiny
hackberry (Celtis palida), and succulents such as Texas
pricklypear (Opuntia engelmannii), tasajillo (Opuntia
leptocaulis), and Yucca spp. Forbs provided a diverse but
ephemeral food resource. Common grasses were Halls
panicum (Panicum hallii), hairy tridens (Erioneuron
pilosum), common curlymesquite (Hilaria belangeri),
Texas grama (Bouteloua rigidiseta), sideoats grama (Bou-
teloua curtipendula), threeawn (Aristida spp.), plains
bristle grass (Setaria leucopila), slim tridens (Triden
muticus var. muticus), red grama (Bouteloua trifida),
and Texas wintergrass (Nassella leucotricha) (Cooper
et al. 2008; Perotto-Baldivieso et al. 2012).

Animal selection and GPS collars
To achieve the aim and objectives of this research, we
used a small herd of 31 free-ranging Angus x Bonsmara

cows (Bos taurus). Telemetry collars containing GPS re-
ceivers and dual axis activity sensors (Lotek GPS
3300LR; Lotek Engineering, Newmarket, Ontario,
Canada) were placed on 11 randomly selected individ-
uals from this herd. In this study, similarly to previous
studies, only 11 individuals were used because of the
limited availability and high cost of GPS collars used to
collect movement data (Shiyomi and Tsuiki 1999;
Gankskopp 2001; Johnson et al. 2002; Harris et al. 2007;
Cooper et al. 2008; Sérova et al. 2010). The cows were
between 4 and 6years of age during the study period,
had a mean weight of 1193kg + 38.4 SE, and a body
condition score of 2.5/5. Current calving management
practices were maintained where cows calved during the
spring and calves were present during the summer sea-
son. The 11 selected individuals and their GPS collars
were kept constant throughout the study. Animals were
handled according to the Texas A&M University Institu-
tional Animal Care and Use Committee Animal Use
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Protocol (Animal Use Protocol [AUP] #2007-167). The
GPS collars provided information on the location, date,
time, ambient temperature, and animal activity on two
axes. The location was accurate to within 2 m after dif-
ferential correction (Lotek 2006). The dual axis motion
sensors were sensitive to vertical (fore-aft) and horizon-
tal (left-right) movements of the head and neck and re-
corded the number of times that a switch was triggered
during the 4 min preceding a GPS fix (Coulombe et al.
2006). Every 5 min, the activity data for both axes were
stored in the collar’s memory.

Sampling period and data processing
The operational schedule for the collars was set for a
GPS fix interval of 5 min and an activity-sampling period
of 4 min. Positional and activity data were recorded at
synchronized fix intervals for all 11 individuals for 21
days per trial. Predictive models with GPS fix intervals
of 5min are more appropriate and effective than larger
intervals in determining and separating activities (Ungar
et al. 2005). Turner et al. (2000) have reported greater
error if the GPS fix interval is increased from 5 to 30
min and have suggested that intervals greater than 5 min
may be unable to identify certain types of data, such as
discrete watering events or accurate interpretation of
animal activity. Ganskopp (2001), in a study using 20-
min resolution, has also concluded that adequate model-
ing of activities may require more frequent sampling in-
tervals. The collars were also equipped with a wide
range temperature transducer that measured and re-
corded ambient temperature with an accuracy of + 1°C
within the operating temperature of the collar. We used
the average temperature from all collars to obtain diur-
nal and seasonal ambient temperatures. Two sampling
trials per season (i.e., autumn, winter, spring, and sum-
mer) were conducted, to account for within season vari-
ability, thus resulting in a total of eight trials from
September 2007 to August 2008. At the end of each
period, all data were retrieved from the collars and dif-
ferentially corrected with N4 v.1.2138 differential post-
processing software (Lotek 2006) and the Del Rio station
as the base location (National Oceanic and Atmospheric
Administration 2007). When differential corrections
were not possible (e.g., there were no data from the base
station), an uncorrected position was used (< 20 data
points per trial). When no collar integration was ob-
tained, a series of three consecutive records was interpo-
lated to complete the data set (Ganskopp and Johnson
2007). If more than three successive fixes were not ob-
tained, that portion of the dataset was omitted from ana-
lysis (Cheleuitte-Nieves et al. 2018).

Four periods of the day were selected to capture the
diurnal variation in animal behavior according to past
research (Gary et al. 1967; Stricklin et al. 1976; Scoones
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1995; Ganskopp 2001; Parsons et al. 2003). The periods
were (1) early morning (grazing bout), the first 3 h after
sunrise; (2) midday (resting bout), the 3h around the
solar noon; (3) late afternoon (grazing bout), the last 3h
before sunset; and (4) midnight (resting bout), the 3h
around the time opposite of solar noon. Data were proc-
essed with ArcGIS 9.x (ESRI, Redlands, CA) to convert
the differentially corrected data (latitude/longitude form)
to the Universal Transverse Mercator (UTM 14-N) co-
ordinate system to allow for the algebraic derivation of
straight-line distances between successive GPS fixes
(Ungar et al. 2005).

Animal activity

Field work was conducted to observe the behavior of
each collared animal to calibrate the activity sensor data,
as recommended by Ungar et al. (2005). A total of 300
field observations were made during early morning and
late afternoon because those are periods of greater activ-
ity variation and shifts (Bailey 1995). Data collection oc-
curred throughout all study seasons, and the length
period varied from 4 to 8 h, depending on the movement
and visibility of the animals. One to three observers were
available at any particular observation period, each of
whom was assigned three to four study animals. The re-
corded activities were grazing (including walking while
grazing as long as the head was down to the vegetation),
traveling (walking movement), and resting (no walking
movement with animal either lying or standing). The
type of activity and amount of time were tallied on data
sheets by recording the start time of each activity during
the sampling period (Ganskopp 2001). Observational
data were later synchronized with the sensor data from
each individual for further analyses.

The simultaneous procedure for discrimination ana-
lyses proposed by Ungar et al. (2005) was used to infer
animal activity. This methodology uses activities divided
into three distinct classes: left-right motion sensor
count, fore-aft motion sensor count, and the distance
between GPS fixes and observed activities. The distance
between GPS fixes was calculated as the Euclidean dis-
tances (m) between successive locations. Although the
distance between successive locations was accurate to 2
m, that measure underestimates the animals’ actual
travel because the calculations assume straight-line
travel (Ungar et al. 2005). Additional analyses were con-
ducted to characterize animal activity at the herd scale
(i.e., = 6 out of 11 GPS collared animals engaged in the
same activity during the same time interval) as a func-
tion of season, time of the day, and associated
temperature fluctuations. Significant differences in mean
discriminant function scores were identified with Wilks’
Lambda statistic (SPSS Statistics, Rel. 11.0.1, SPSS Inc.,
Chicago, IL, USA).
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Herd spread

To understand cattle grouping behavior and degree of
dispersion, we determined the spread by using the dis-
tance from the group center (Stricklin 1983; Waser
1985; Kunz and Hemelrijk 2003; Wolfram Research
2007). The mean distance of all individuals to the center
of gravity of the herd for each time interval was used to
represent the spread of the herd at that time. The center
of gravity of the herd was calculated by averaging the X
and Y coordinates of the 11 individuals for each GPS fix.
The Euclidean distance from each individual to the cen-
ter of the herd was then calculated. However, spatial
data with successive records separated by short time in-
tervals (e.g., 5 min intervals) and the non-random move-
ment of animals can produce autocorrelated data with
redundant information that violates statistical independ-
ence (Swihart and Slade 1997; de Solla et al. 1999;
Weber et al. 2001). Perotto-Baldivieso et al. (2012) have
reported that 120 min intervals between GPS fixes can
significantly decrease autocorrelation; therefore, we sam-
pled the data to 120 min intervals for our seasonal
spread analysis by randomly selecting the first data loca-
tion and then obtaining the rest of the locations by using
the appropriate interval length. In contrast, for diurnal
and activity spread analysis, we used a 5-min GPS fix
interval to obtain sufficient data for the different time
periods and capture most of the activity events. Our ac-
tivity analyses showed that not all animals had the same
activity within the same time period, thus decreasing the
potential for individual correlation among individuals.
Spread calculations were summarized to estimate the
mean and standard error for all trials. Mean compari-
sons were conducted to examine the overall seasonal
and diurnal patterns of herd spread, as well as the sea-
sonal patterns of herd spread as a function of time of
the day and activities. The Kruskal-Wallis one-way ana-
lysis of variance on ranks test was used to examine stat-
istical differences in the mean spread of the herd across
seasons, time periods, and activities.

Estimation of available forage biomass with NDVI

Vegetation shows differential brightness in the red and
near-infrared parts of the electromagnetic spectrum
(Gates 1970; Ahmad 2012). We estimated and compared
the NDVI as an indicator of seasonal changes in the
amount of forage biomass (Mbow et al. 2013; Birtwistle
et al. 2016; Roy et al. 2016). For each season, we ac-
quired one Landsat 7 ETM+ scene (Path 28, Row 40)
from the US Geological Survey (United States Geological
Survey 2010): Earth Resources Observation and Science
Center (EROS). Landsat scenes have a spatial resolution
of 30 m for bands 1 through 5 and 7, and a temporal
resolution of 16 days. We focused our analyses on bands
3 and 4 (red and near infrared). Because cattle herd GPS
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data collection was conducted from September 2007 to
August 2008, for autumn, we used a Landsat scene from
November 2, 2007 with 0% cloud cover. For winter, we
used a scene from February 6, 2008 with 0% cloud cover.
For spring, we used a scene from April 10, 2008 with 7%
cloud cover. Finally, for summer, we used a scene from
July 15, 2008 with 0% cloud cover. Downloaded scenes
were already processed via Standard Terrain Correction
(Level 1T), which provides systematic radiometric and
geometric accuracy by incorporating ground control
points while using a Digital Elevation Model for topo-
graphic accuracy (United States Geological Survey 2010).
After the scenes were decompressed, we used the ENVI
v.4.7 (2009; ITT Visual Information Solutions, Boulder,
CO) software for processing and analysis of the geospa-
tial imagery.

Because solar radiation passes through the atmosphere
before it is collected by the sensor during remote sens-
ing, the images include information about the atmos-
phere and the Earth’s surface (Atmospheric correction
module v. 4.7; ITT 2009). To accurately analyze surface
reflectance, removing the influence of the atmosphere
(e.g., scattering and absorption) is important during pre-
processing (Jensen 2005). We used Fast Line-of-sight At-
mospheric Analysis of Spectral Hypercubes (FLAASH)
developed by Spectral Sciences, Inc., an atmospheric
correction modeling tool for retrieving spectral reflect-
ance from multispectral radiance images. The FLAASH
extension in ENVI is a first-principle atmospheric cor-
rection tool that corrects wavelengths in the visible
through near-infrared and shortwave infrared regions,
up to 3 um, and incorporates the MODTRAN4 radiation
transfer code and computes a unique solution for each
image.

To meet the input requirements for FLAASH, we first
used the ENVI Landsat Calibration and Band Math tools
to calibrate the image in radiance units of ©W/cm? x
nm x sr. Then we used the Layer Stacking tool to make
all bands one layer and used the Convert Data tool to
convert the layer into the band interleaved by line for-
mat. Because the input image was already correctly
scaled, we used a single scale factor for all bands. Lati-
tude, longitude, sensor type, flight date, and flight time
were specified for each image according to the metadata
file provided with the scenes. For the atmospheric
model, we used “Mid-latitude summer” and “Mid-lati-
tude winter” (Table 1). We also used Kaufman-Tanre
aerosol retrieval, which estimates a scene average visibil-
ity with the dark pixel reflectance ratio method.

Finally, after each image was atmospherically cor-
rected, surface reflectance was obtained and used to cal-
culate NDVI with ENVI. Mean comparisons were
conducted to examine the overall seasonal patterns of
NDVI changes as an indicator of seasonal forage
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Table 1 Column water vapor amounts and surface temperatures for the MODTRAN model atmosphere

Model atmosphere Water vapor (std atm-cm)

Water vapor (g/cmz) Surface air temperature (°C)

Mid-latitude summer (MLS)
Mid-latitude winter (MLW)

3636
1060

2.92 21
0.85 -1

biomass fluctuations. One-way analysis of variance (a =
0.05) was used to examine statistical differences among
the NDVI results of atmospherically corrected images
for each season.

Analysis of shade patches and water and supplemental
feed areas

Shade patches were delineated with a 2-m resolution
2006 aerial photograph (Texas Natural Resources Infor-
mation System, 2008) and ArcMap 9.3 to create a shade
polygon vector layer of tree patches (Fig. 1). A 10-m buf-
fer was created around all shade patches to compensate
for GPS fix error and shade extent beyond the patch
edge. Locations of water and feeders were plotted with a
sub-meter accuracy GPS unit (Trimble GeoXT, Sunny-
vale, CA). We defined use as the average number of GPS
fixes per day per trial that met the specified selection
criteria. A 30-m buffer was created around water and
supplemental feeding locations. The 30-m buffer was se-
lected on the basis of the locational error of GPS instru-
ments, size of the herd, and field observations (estimated
spread of the group during feeding and watering events)
with an aim of avoiding overlap among features (Cooper
et al. 2010). X and Y data from the GPS collars were
added and exported to create a layer of all GPS fixes for
each trial. Data were selected according to the analyzed
features, divided into the four time periods, and then
clipped to obtain only the GPS fixes within the features
via ArcMap 9.3.

The number of GPS fixes per feature, trial (season),
and period of the day were summarized to estimate the
mean and standard error. Mean comparisons were con-
ducted to examine the overall seasonal and diurnal pat-
terns of use. Kruskal-Wallis one-way analysis of variance
on ranks (¢ = 0.05) was used to examine statistical dif-
ferences in the average number of GPS fixes per day for
shade patches and water and supplemental feeding
areas.

Results

Detection of animal activity by collar variables

Resting, grazing, and traveling activities accounted for
28%, 48%, and 24% of the observations, respectively.
Useful discriminant functions were found for the left-
right motion (Wilks’ Lambda = 0.804, F = 36.250, P <
0.0001), fore-aft motion (Wilks’ Lambda = 0.909, F =
14.814, P < 0.0001), and distance between fixes (Wilks’
Lambda = 0.501, F = 148.113, P < 0.0001). Discriminant

analysis of animal activity (grazing, resting, and travel-
ing) according to the collar variables yielded a correct
classification rate of 73% (Wilks’ Lambda = 0.403, P <
0.0001). Specifically, 29% of the resting activity was mis-
classified as grazing, and 22% of the traveling activity
was misclassified as grazing (Table 2). On the basis of
the small significant Wilks’ Lambda and the plotted ac-
tivity/collar variable relationships, the distance variable
appeared to be the best predictor of animal activity,
followed by the left-right motion sensor.

Resting was generally characterized by values less than
100 in the left-right sensor count and less than 30 m in
the distance variable. Grazing and traveling appeared to
be associated with high values (> 100) of the left-right
sensor counts. Grazing predominated at intermediate
values (10-100 m) and values for traveling at large dis-
tance (> 100 m). The variable of distance between GPS
fixes separated most of the resting and traveling activ-
ities when plotted against the other two collar variables:
the left-right motion sensor count (Fig. 2a) and the fore-
aft motion sensor count (Fig. 2b). Using the relationship
between the left-right and fore-aft sensor counts alone
did not strongly separate any of the activities (Fig. 2c).

Seasonal and diurnal activity schedules at the herd scale
At the seasonal scale, all trials showed a higher percent
of resting activity per day compared to grazing and trav-
eling activities (Fig. 3). Traveling accounted for the low-
est frequency of occurrence among all three activities
throughout the year. At the diurnal scale, two grazing
periods and two resting periods were identified for all
eight trials (Fig. 4). Overall, the resting periods occurred
at approximately 11:00-15:00 and 21:00-6:00 (next day)
and the grazing periods occurred at approximately 6:00—
11:00 and 15:00-21:00. Smaller amounts of traveling ac-
tivity occurred throughout the day and mostly occurred
at the beginning and throughout grazing periods.

Table 2 Frequency count and percentage of field observed
activities in the predicted activity categories according to
discriminant analysis

Observed Predicted activity Total
activity Resting Grazing Traveling count
Resting 60 (70.6%) 25 (29.4%) 0 (0%) 85
Grazing 22 (15.4%) 111 (77.6%) 10 (7%) 143
Traveling 9 (12.5%) 16 (22.2%) 47 (65.3%) 72
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Fig. 2 Relationship between GPS collar variables and cattle activities:
grazing, resting, and traveling for Bonsmara cows in South Texas.
The graphs show the relationships between distance between GPS
fixes and the left-right sensor count (a) and fore-aft sensor count (b),
and the relationship between fore-aft and left-right sensor counts (c)

Herd spread

Herd spread varied seasonally and was significantly
greatest during summer and autumn and least during
winter (Kruskal-Wallis test: H3 = 176.19, P < 0.001; Fig.
5a). Herd spread ranged from 181.01m + 9.44 SE, N =
492 in the winter to 337.73 m + 12.10 SE, N = 442 in the
late summer. From spring to summer, herd spread sig-
nificantly increased. This was followed by a small non-
significant decline in autumn and then a large significant
decrease during winter. Herd spread also varied by time
of day, and overall was significantly smaller at midday
(225.35m + 3.24 SE, N = 5569) than in the other mea-
sured time periods (Kruskal-Wallis test: H3 = 510.57, P <
0.001, Fig. 5b). The early morning, late afternoon, and
midnight periods showed very similar mean spread
(271.75m + 3.23 SE, N = 5569). The herd had the great-
est spread in the early morning during summer and
around midnight during winter (Fig. 6a). Within time
periods, animal activity also affected herd spread. The
spread of the cattle herd during traveling was signifi-
cantly smaller (P < 0.01) than that during grazing or
resting during late summer through early winter (Fig.
6b). The mean herd spread when traveling for these pe-
riods ranged from 13528 m + 24.24 SE (N = 31) to
300.66 m + 18.79 SE (N = 213). The mean herd spreads
during resting and grazing were similar in these periods
and ranged from 201.35m * 4.24 SE, N = 1869 to
400.38 m + 8.12 SE, N = 996. The herd spread was sig-
nificantly greater (P < 0.01) during grazing or resting in
late summer and late autumn than in any other combin-
ation of activity and season. Herd spread was smallest
and most consistent for all three activities in the late
winter and early spring. The mean herd spread, with all
three activities combined, during these two periods was
160.46 m + 6.06 SE, N = 9057.

Temperature fluctuations and estimation of NDVI
According to GPS collar temperature sensors, the sum-
mer season was the hottest of the year (30.75°C + 0.07
SE), followed by autumn (25.14°C + 0.12 SE) and then
spring (23.54°C + 0.16 SE), and winter was the coldest
season (18.77°C + 0.14 SE). Midday appeared to be the
hottest period of the day in all seasons, and was followed
by late afternoon, whereas early morning and midnight
were the coldest periods (Table 3).

Atmospherically corrected images showed that NDVI
was significantly lower but different during the spring
and winter, and higher during the summer and autumn,
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with values ranging from 0.117 + 0.0086 SE, N = 256
during spring to 0.306 + 0.016 SE, N = 256 during au-
tumn (ANOVA. F3,1020 = 32.40, P< 0.05).

Seasonal and diurnal use of shade patches by cattle

When we compared the percentage of GPS fixes in
shade patches per day among seasons, we found that the
lowest percentages occurred during spring (24.61% +
1.18 SE, N = 43) and summer (23.64% + 1.20 SE, N =
42), and the highest percentages occurred during au-
tumn (31.59% * 1.36 SE, N = 35) and winter (34.55% *
1.14 SE, N = 42) (Kruskal-Wallis test: H; = 18.98, P <
0.05; Fig. 7). In terms of periods of the day, for all sea-
sons combined, we found that midday (13.27% + 0.66
SE, N = 162) had the highest percentage of GPS fixes
per day in shade patches, followed by early morning
(8.17% + 0.49 SE, N = 162), then by late afternoon
(6.48% + 0.45 SE, N = 162) and midnight (6.24% + 0.55
SE, N = 162), both of which had significantly lower per-
centages of GPS fixes (H3 = 121.70, P < 0.05; Fig. 7). A
more in-depth analysis revealed some differences among
time periods within each season (Hy5 = 167.72, P < 0.05;
Fig. 7). Specifically, during spring and summer, a signifi-
cantly higher percentage of GPS fixes occurred during
the early morning and midday than during the late after-
noon and midnight periods. During winter, the highest
percentage of GPS fixes in shade patches occurred dur-
ing midday and midnight, whereas no differences be-
tween time periods were observed during autumn.

Seasonal and diurnal use of water areas

The percentage of GPS fixes per day 30 m around water
locations was highest during winter and lowest during
autumn, but this pattern was not significant across sea-
sons when all time periods were combined (9.67% + 0.70
SE, N = 33). However, when all seasons were combined,

midday (5.46% + 0.50 SE, N = 130) showed the highest
percentage of GPS fixes per day 30 m around water loca-
tions, which was followed by early morning (2.52% +
0.32 SE, N = 130) and late afternoon (1.68% + 0.21 SE,
N = 130), whereas midnight (0.09% + 0.04 SE, N = 130)
had the lowest percentage (Kruskal-Wallis test: Hz =
244.25, P < 0.05). A detailed analysis of the time periods
within each season indicated significant differences
among some time periods for all seasons (Hy5 = 257.14,
P < 0.05; Fig. 8). During spring and summer, the highest
percentage of GPS fixes per day around water locations
was found during midday and early morning hours,
followed by late afternoon and midnight, which showed
the lowest percentage. The autumn season showed a dif-
ferent pattern in which the midday, late afternoon, and
early morning periods had significantly similar average
numbers of GPS fixes per day around water locations,
and that for midnight was significantly lower. Finally,
winter showed a pattern similar to those of spring and
summer, except that the midday and late afternoon pe-
riods had the highest average number of GPS fixes per
day around water locations, followed by early morning,
and no observations were found during the midnight
period.

Seasonal and diurnal use of supplemental feeding areas

Cattle were supplementary feed three times per week
during late morning or early afternoon at one location
each feeding time. Somewhat similarly to the overall sea-
sonal pattern for use of water areas, winter had the high-
est percentage GPS fixes per day 30 m around feeding
areas, and autumn had the lowest percentage, but it the
difference was not significant across seasons (11.80% =+
0.78 SE, N = 33). In terms of periods of the day, with all
seasons combined, we found the same pattern as that
observed for the water areas, wherein midday (7.60% =+
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0.51 SE, N = 133) showed the highest percentage of GPS
fixes per day 30 m around feeding locations, followed by
early morning (2.60% + 0.30 SE, N = 133) and late after-
noon (1.95% + 0.24 SE, N = 133), and midnight (0.49% +
0.13 SE, N = 133) had the lowest percentage (Kruskal-
Wallis test: H; = 216.33, P < 0.05). Differences were also
observed among time periods within each season (His =

239.97, P < 0.05; Fig. 9). Similarly to the pattern ob-
served around water areas, during spring, the highest
percentage of GPS fixes per day around supplemental
feeding areas was found during midday, followed by
early morning and late afternoon, and midnight showed
the lowest percentage. Summer exhibited a different pat-
tern wherein the only significant and largest percentage
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Fig. 6 Mean and standard error of the spread per period of the day (a) and activity (b) of a free-ranging cattle herd (N = 11) during eight trials of
3 weeks from September 2007 to August 2008
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Table 3 Mean and standard error of diurnal and seasonal
temperatures (°C) collected by the GPS collars

Parameter  Early morning Midday Late afternoon Midnight
Spring
Mean 19.54 29.08 28.16 17.36
SE 0.18 0.15 0.14 0.16
Summer
Mean 26.65 3518 34.77 2640
SE 0.07 0.08 0.09 0.04
Autumn
Mean 2248 30.17 2842 19.51
SE 0.14 0.08 0.11 0.14
Winter
Mean 13.28 24.24 2413 1343
SE 0.17 0.12 0.12 0.15

of GPS fixes around feeding areas occurred during mid-
day. During autumn, the same pattern was observed
around water locations, in which midday, late afternoon,
and early morning had significantly similar percentages
of GPS fixes per day around supplemental feeding areas,
and the midnight period percentage was lower. Finally,
winter showed the highest percentage of GPS fixes per
day around supplemental feeding areas during the mid-
day and late afternoon, and early morning and midnight
showed the lowest values.

Discussion

The cattle herd was more dispersed during the warm
season, when vegetation was most abundant

At the seasonal scale, herd spread was greater during the
warm growing season than the cold season, when forage
was less abundant. Hence, in this study, as in other stud-
ies, the spread pattern appears to be partly explained by
seasonal changes in available forage biomass, causing the
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Fig. 7 Percentage and standard error of GPS fixes inside shade
patches per day of a free-ranging cattle herd (N = 11) for each
season and during four 3-h time periods (early morning, midday,
late afternoon, and midnight), by using positional data from eight
trials of 3 weeks from September 2007 to August 2008 in a semi-arid
rangeland in South Texas, USA
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Fig. 8 Percentage and standard error of the number of GPS fixes 30
m around water locations per day of a free-ranging cattle herd (N =
11) during four 3-h time periods for eight trials of 3 weeks from
September 2007 to August 2008 in a semi-arid rangeland in South

Texas, USA

dispersive movement during grazing, in which animals
explore larger grazing areas, and subgroups tend to div-
ide (Sato 1982; Owens et al. 1991; Cheleuitte-Nieves
et al. 2018). This finding, however, contradicts those
from studies on grazing cattle in northern, mountainous
regions and other arid regions where cattle tend to for-
age and travel in larger and more compact groups dur-
ing the summer, when forage is abundant, and disperse
to search for sparser resources in winter (Dudzinski
et al. 1982; Lazo 1994; Howery et al. 1996; Harris et al.
2002, 2007). Northern rangelands and the Southern
Plains have different climate regimes, wherein seasonal
peaks in precipitation, and temperature fluctuations in-
fluence forage growth patterns, thus affecting cattle dis-
tribution and activity schedules. The relationship
between environmental variables and animal behavior is
especially evident in hot, semi-arid environments, where
sporadic and erratic precipitation leads to substantial
fluctuations in forage quantity and quality, and heat
loading strongly affects animal movement and activity
patterns (Sowell et al. 1999). In semi-arid environments,
vegetative production is often limited by soil moisture.
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Fig. 9 Percentage and standard error of the number of GPS fixes 30
m around supplemental feed locations per day of a free-ranging
cattle herd (N = 11) during four 3-h time periods for eight trials of 3
weeks from September 2007 to August 2008 in a semi-arid
rangeland in South Texas, USA
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In dry winter periods, cattle tend to congregate in ripar-
ian areas, which maintain higher quality and availability
of herbaceous standing crop during the dry non-growing
season. The semi-arid climate in our study site was char-
acterized by the majority of precipitation occurring dur-
ing the hot summer season; consequently, most of the
forage growth occurred during this period. Hence, in the
summer, when larger amounts of green forage are avail-
able, and animals are not as tied to widely dispersed
water sources, the cattle can disperse and are more se-
lective in their diet, thus resulting in greater herd spread
and more homogeneous pasture utilization.

The cattle herd was most congregated during midday,
when the daily temperature was highest

At the diurnal scale, herd spread was significantly lower
during midday than the other time periods (early morn-
ing, late afternoon, and midnight) throughout the year.
Previous studies have shown that the close associations
of cattle during the hottest periods of the day are partly
explained by thermoregulatory actions, wherein cows
rest in compact groups under shade trees to lose heat
and regulate body temperature (Coppock et al. 1986;
DelCurto et al. 2000; Parsons et al. 2003; DelCurto et al.
2005; Cain III et al. 2006; Harris et al. 2007; Cooper et al.
2008). Midday is the hottest part of the day, and in
South Texas, even winter midday temperatures can
affect animal distribution. Thus, diurnal patterns of cat-
tle herd distribution appear to be influenced by the
interaction of diurnal fluctuations in temperature and
thermoregulatory actions. An integrated analysis of both
diurnal and seasonal patterns in this study revealed that
during summer, herd spread was greatest in the early
morning, which is the coolest time during daylight. This
pattern might be associated with grazing periods, which
occur primarily during the early morning and late after-
noon, and tend to generate a dispersive movement
throughout the pasture (Stricklin et al. 1976; Sato 1982;
Scoones 1995; Ganskopp 2001; Parsons et al. 2003). In
the winter, grazing activity was less influenced by high
temperatures, and the greatest herd spread occurred
around midnight, as animals either moved to keep warm
or dispersed from the supplemental feeding sites. The
differences in the diurnal variations in dispersion of the
herd between the warm and cool seasons demonstrate
how a strong seasonal component influences overall be-
havioral patterns.

The cattle herd aggregated more during traveling than
grazing or resting activities

Herd spread was smaller during traveling than during
resting and grazing, probably because of limitations in
animal movement through the landscape (e.g., shrub
density). Herd dispersive movement when grazing was
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probably due to the scattered nature of good forage re-
sources in semi-arid environments. These activity pat-
terns can have focused effects on the landscape through
grazing and trampling (Bailey 1995; Bailey et al. 1996).
For example, grazing can alter plant community struc-
tures, and intensive use of areas such as trails and
shaded resting areas may lead to soil compaction and
disrupt plant growth. In contrast, in productive pasture
settings, the opposite pattern may be found, wherein cat-
tle congregate to feed but disperse when moving to new
areas (Shiyomi and Tsuiki 1999). In terms of animal ac-
tivity patterns, we successfully discriminated resting,
traveling, and grazing activities mainly according to the
distance between the variable of GPS fixes, with a cor-
rect classification rate of 73%. These results partially
contrast with those of Ungar et al. (2005), who have sug-
gested that the distance between GPS fixes is not a good
predictor of activities. In addition, the cattle in this study
spent a smaller proportion of time resting (28%) and a
larger proportion of time traveling (24%) than the 49%
resting and 10% traveling observed in a study conducted
in Oregon and Israel (Ungar et al. 2005). Interactions
among breed, terrain, climate, and vegetation character-
istics might explain the differences in the proportions of
time spent per activity in these studies (Kie and Boroski
1996; DelCurto et al. 2005). The topography in our study
was gentle with scattered woody vegetation, in contrast
to the hilly terrain with different forage dispersal pat-
terns in previous studies (Howery et al. 1996; Harris
et al. 2002). Therefore, distances between GPS fixes may
be a good discriminator of activity in semi-arid range-
lands with gentle topography but may be inappropriate
for different environments where different animal and
environment interactions occur.

At the seasonal scale, all trials showed a higher fre-
quency of resting activity per day compared to grazing
and traveling activities and traveling accounted for the
lowest frequency of occurrence among all three activities
throughout the year. These results show that cattle fol-
low the similar frequency of activities regardless of sea-
son. At the diurnal scale, two grazing periods and two
resting periods were identified that followed a similar
pattern throughout the seasons, that is, a similar daily
routine. Overall, the resting periods occurred during
night time and around the solar noon which was deter-
mined to be the hottest period of the day and coincides
with cattle aggregation in shade patches (see discussion
below). Grazing periods occurred during the early morn-
ing and late afternoon. Thus, these patterns seem to fol-
low sunrise, noon, and sunset schedules. The low
frequency of the traveling activity which mainly occurred
at the beginning and throughout grazing periods is most
likely due to animal movements through grazing areas.
Finally, a closer examination of activity schedules
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between seasons, a start-time shift in the activity periods
can be observed which most likely follows the shift in
daylight periods throughout the year. For example, dur-
ing the winter season the first grazing period started at
around 8:00, whereas the first grazing period during the
summer season started earlier at 6:00. Furthermore, the
peak of the second grazing period during winter oc-
curred at around 18:00, whereas the peak during sum-
mer occurred at around 20:00.

The cattle herd showed greater use of shade patches
during the colder dry periods at the seasonal scale and
during midday at the diurnal scale
Shade patches were used more by our study herd during
the autumn and winter seasons and less during the spring
and summer seasons. These results contrast with those of
previous studies reporting that during the summer, cows
spend a larger amount of time under shade trees near
water or aggregate to avoid flies, whereas the during win-
ter, they spend most of their time at warmer exposures
and avoid shade trees in a pasture in the dry tropics of
Rockhampton, Queensland and experimental pastures in
Japan (Sato 1982; Harris et al. 2002). In our study, the
overall aggregation observed during the winter season
might then be partly explained by congregation of animals
in shade patches, although we expected this physiological
response to occur during the hotter temperatures of the
summer. However, shade affects more than just the cattle:
typically, shade is provided by trees growing in slightly
deeper soils. Although not directly tested in our work, dif-
ferences in soils and the effect of shading reduce moisture
loss from soils and vegetation; thus, more edible forage is
likely to remain in shaded areas throughout the non-
growing season. Furthermore, the trees found in the shade
areas can also serve as windbreaks particularly during
colder periods of the year reducing the speed of cold wind,
physiologic impact (e.g., thermoregulatory requirements),
and stress on the animals (Quam et al. 1994; Olson et al.
2000). Hence, the use of shade patches appears to be a
function of the animal response to the interactions among
seasonal and diurnal fluctuations in temperature, nutri-
tional requirements, and thermoregulatory actions.
During midday, which has the highest mean tempera-
tures, we recorded the largest percentage of GPS fixes per
day in shade patches, which was followed by early morn-
ing and then late afternoon and midnight. This evidence is
consistent with findings from many other studies indicat-
ing that on a diurnal scale, large herbivores congregate in
shade areas during the hottest periods of the day. This be-
havior is partly explained by thermoregulatory actions,
wherein animals rest in compact groups under shade trees
to lose heat and regulate body temperature (Sato 1982;
Bennet et al. 1985; Lazo 1994; Coppock et al. 1986; Del-
Curto 2000; Parsons et al. 2003; Harris et al. 2002, 2007;
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DelCurto et al. 2005; Cooper et al. 2008). Ungulates such
as impala, wildebeest, zebra, and waterbuck have been ob-
served to loaf in the shade during midday in South African
woodland and savanna ecosystems (Hirst 1975). These re-
sults are further supported by the observed higher aggre-
gation during midday than the other three time periods
(early morning, late afternoon, and midnight). However, it
is important to mention that, given the low but similar
percent of GPS fixes within and around shade areas (6.2—
8.2%) during early morning, late afternoon, and midnight
when all seasons were combined, animal proximity to
these shade areas may have been the result of a random
event and not a specific diurnal driver. Nevertheless, the
larger use of shade patches during early morning was un-
expected because this time period, together with late after-
noon, is usually associated with grazing activities
occurring in open pastures (Gary et al. 1967; Stricklin
1976; Scoones 1995; Ganskopp 2001; Parsons et al. 2003).
We expected a higher relative use of shade patches during
the midnight period, which is associated with resting/
sleeping activity. However, when we compared the mid-
night period across seasons, we found that winter had a
significantly higher use of shade patches by cattle than
summer. This behavioral pattern might be explained by
two mechanisms observed in the field and in other studies.
The higher use of shade patches during winter might be
due to cold wind avoidance mechanisms, and the lower
use of shade patches during the hotter summer season
may be due to compensatory night-time feeding and en-
ergy conservation strategies in open pastures (Bennet
et al. 1985; Scoones 1995). These mechanisms are also
supported by the patterns observed during late afternoon,
in which the use of shade patches was significantly lower
during the spring and summer and higher during the win-
ter. Here, animals might again be using the open areas of
pasture at this time during the spring and summer, driven
by moderate temperatures, and in the winter, driven by
avoiding cold winds in shaded/sheltered areas (Sato 1982).
The autumn season did not show a clear pattern of shade
patch use among time periods because the animals transi-
tioned to the winter pattern when the highest percentage
of GPS fixes per day in shade patches was observed at
midday, followed by midnight and late afternoon, and the
lowest use of shade patches occurred during early morn-
ing. Hence, beyond the influence of shade patches during
midday on the spatial distribution of cattle throughout
most of the year, during winter, these patches appeared to
have a major role in attracting animals during nighttime.

The cattle herd did not show a seasonal pattern of use of
water and supplemental feed areas, but did show a
higher use during midday than other periods of the day
On a seasonal basis, there was no overall significant pat-
tern of use of water and supplemental feed areas when
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all time periods were combined. Although water and, to
a certain extent, feeding areas are known to greatly influ-
ence ungulate movement patterns, their effects appear to
be overshadowed by the influence of shade patches when
water or feed are not limiting. The placement of supple-
mental feed and water in our study occurred year-round,
but given the low forage production characteristic of the
dry winter season, we expected the cattle to be more re-
sponsive and to have a higher frequency of winter use of
supplemental feeding areas and water to meet energetic
demands (Sato 1982; Bennet et al. 1985; Lazo 1994; Cop-
pock et al. 1986; DelCurto 2000; Parsons et al. 2003;
Harris et al. 2002, 2007; DelCurto et al. 2005; Cooper
et al. 2008). Ungulates such as cattle and caribou tend to
congregate in nutrient rich areas, which maintain higher
quality and availability of herbaceous standing crops
than dry land rangeland during the dry non-growing
season (Senft et al. 1987; Owens et al. 1991; Johnson
et al. 2002). These winter patterns have been found in
western rangelands of North America, where the distri-
bution of cattle during the non-growing season is pri-
marily influenced by the supplemental placement of
water and feed (Kie and Boroski 1996; DelCurto et al.
2005). However, the aggregation during the winter sea-
son observed in our previous studies and the present
study appears to be more associated with seasonal fluc-
tuations in shade patch use rather than water and sup-
plemental feed use.

On a diurnal basis, for all seasons combined, the ani-
mals exhibited the highest use of both water and supple-
mental feed areas during midday, followed by late
afternoon and early morning, and midnight had the low-
est amount of use. This pattern correlates with the diur-
nal fluctuations in temperatures of the time periods
sampled in this study, wherein midday had the highest
temperatures, followed by late afternoon, early morning,
and finally midnight. The greater use of water sources
during midday might be associated with physiological re-
sponses (e.g., osmoregulation) to high temperatures as-
sociated to this time period. This behavioral response
has been documented in arid and semi-arid regions of
tropical Africa (Coppock et al. 1986), rangelands of
Australia (Dudzinski et al. 1982; Howery et al. 1996),
southwest Spain (Lazo 1994), Tohoku in Japan (Sato
1982), rangelands of the western USA (DelCurto 2000;
DelCurto et al. 2005; Parsons et al. 2003; Harris et al.
2007), and South Texas (Cooper et al. 2008). In addition,
in semi-arid areas, tall trees that provide deep shade
tend to be restricted to sites with additional water. The
low use of these resources at midnight is consistent with
findings from other studies indicating that resource use
and grazing activity by cattle tend to be minimal during
the dark hours, particularly during the winter season
(Gary et al. 1967). We also found differences in the use
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of water and supplemental feed areas among some time
periods within seasons. The use of supplemental feeding
areas during midnight was significantly higher during
the spring and summer seasons and lower during the
winter. In addition, the supplemental feeding area use
during late afternoon was significantly lower during the
summer and higher during the winter. These findings
further support previous evidence that during warmer
seasons, animals shelter more during the day for
thermoregulation and exhibit night-time feeding behav-
ior (Bennet et al. 1985; Scoones 1995).

The use of water and supplemental feeding areas dur-
ing autumn was similar for both resources where mid-
day, late afternoon, and early morning periods had the
same level of use and midnight being significantly lower.
Given the moderate temperatures and the intermediate
phase of forage dormancy characteristic of this season,
cattle do not seem to have a diurnal differential prefer-
ence of these resources and, thus present a more evenly
distributed resource use. A noticeable pattern, although
not always significant, is that during spring, the use of
both water and supplemental feeding areas appears to be
higher during early morning compared to late afternoon
and then this pattern starts to shift as seasons progresses
with the use during late afternoon being higher than
early morning during winter. This relative shift in sea-
sonal resource use between these two time periods
might be related to the interaction between seasonal and
diurnal fluctuations in temperature (Scoones 1995). Ani-
mals might prefer to use these resources earlier in the
day during the warm season to avoid higher tempera-
tures later in the day, and during the cold season, their
strategy shifts to use these resources in the afternoon
and take advantage of warmer exposures.

Conclusion

Our work on cattle in a large pasture quantified the in-
fluences of multi-scale interactions among seasonal for-
age production, diurnal temperature fluctuations, and
resource use distribution on cattle dispersive-aggregative
movement, thermoregulatory actions, and activity pat-
terns in a brushy savanna environment. Diurnal ungulate
herd spread in our study appeared to be governed by the
overall seasonal pattern, owing to forage availability. Fur-
thermore, the interaction between seasonal and diurnal
temperature fluctuations and shade patch availability ap-
peared to be highly influential when water and supple-
mental feed were not limiting. The use of shade patches
was influenced by seasonal changes in forage biomass,
and seasonal and diurnal fluctuations in temperature.
Hence, although abiotic factors such as slope and dis-
tance to water are usually considered the primary deter-
minants of grazing distribution patterns in ungulates,
other microsite characteristics appear be more
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influential than previously acknowledged. Our study
used 11 tracked Angus x Bonsmara cows in a 31-
member herd located in a 457-ha ranch; therefore, more
studies are needed to determine whether these results
are typical behaviors in larger herds and different breeds.
Nevertheless, our results showed that using the tech-
niques outlined in this study, such as seasonal and diur-
nal GPS animal tracking technology, GIS, and remote
sensing data, multi-scale spatio-temporal dynamics of
cattle distribution and activity patterns can be evaluated.
The contrasting evidence of cattle spread patterns found
between northwestern and southern rangelands in North
America highlights the importance of addressing ques-
tions at both fine and broad temporal scales and under
different environments to understand livestock herd be-
havioral patterns.

In terms of management implications, this study offers
baseline information on the temporal and spatial dynam-
ics of a cattle herd, from which better operation tech-
niques may be developed and tested in the future. The
observed smaller spread during the dry winter season as-
sociated with observed aggregation of individuals in
water and supplemental feeding areas may be useful in
determining the most critical times to provide supple-
mental resources and allocate them to areas not fre-
quently used by cattle, thus stimulating the animals to
visit unused sites during the non-growing season. Peri-
odical rotations of water/feeding stations could promote
the exploration of different areas by livestock, thus redu-
cing the probability of developing a static or fixed spatial
memory of predictable preferred sites at the landscape
scale. The use of GPS tracking technology and geospatial
management tools may aid in research on livestock
movement dynamics and the development of manage-
ment strategies more compatible with herd behavior.
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