environments

Article

Sloping Terrain May Increase Grazing Pressure on Rangelands:
Evidence from Herbivore Jaw Activity and Locomotion

Eugene David Ungar 1*(0, Maya Zahavi 2, Hillary Voet 30, Shilo Navon !, Aharon Bellalu ! and Tal Svoray *

W) Check for updates

Academic Editor: Sergio Ulgiati

Received: 2 February 2026

Revised: 11 March 2026

Accepted: 21 March 2026

Published: 23 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Agroecology and Natural Resources, Institute of Plant Sciences, Agricultural Research
Organization (ARO), Volcani Center, 68 HaMaccabim Road, P.O. Box 15159, Rishon LeZion 7505101, Israel;
shilo.navon@gmail.com (S.N.); aharonb@volcani.agri.gov.il (A.B.)

Soil Survey, Land Evaluation and Remote Sensing Department, Soil Conservation and Drainage Division,
Ministry of Agriculture and Food Security, P.O. Box 30, Rishon LeZion 5025001, Israel; mayaz@moag.gov.il
Department of Environmental Economics and Management, The Robert H Smith Faculty of Agriculture,
Food and Environment, The Hebrew University of Jerusalem, P.O. Box 12, Rehovot 7612001, Israel;
hillary.voet@mail . huji.ac.il

The Department of Environmental, Geoinformatics and Urban Planning Sciences, Ben-Gurion University of
the Negev, P.O. Box 653, Beer Sheva 8410501, Israel; tsvoray@bgu.ac.il

*  Correspondence: eugene@volcani.agri.gov.il

Abstract

A deeper understanding of the relationships between the local and landscape scales
in herbivore foraging should place the management of rangeland production systems
on a firmer footing. The objective was to test whether local-scale landscape features
modulate the coupling between locomotion and eating, thereby altering the pattern of
landscape-scale grazing pressure. We studied shepherded small-ruminant herds on hilly
semiarid rangeland by integrating acoustic monitoring to detect jaw movements, GPS to
track location and movement, and GIS to link location to landscape attributes. Based on
69 one-day foraging routes, minutely rate of jaw movement (RJM) as a function of time-
into-foraging-route showed a unimodal concave shape but did not respond to path angle.
Minutely movement velocity responded convexly to time-into-foraging-route, and the
quadratic term for path angle was negative and highly significant. The response to path
angle was concave and symmetrical for uphill and downbhill travel. Based on the empirical
evidence that increasing path angle reduces velocity but not RJM and a set of reasonable
associated assumptions, it is inferred that more jaw movements are performed per unit
area scanned by the animal. It is further inferred abductively that more bites are removed
per unit area and that more mass is removed per unit area, and hence, grazing pressure is
more intense on sloping terrain than on level areas. For a given duration of foraging route,
an increase in density of bite placement at the local behavioral scale implies a contraction
in the surface area of the daily herd footprint at the landscape scale. This has implications
for how carrying capacity of such areas should be defined.

Keywords: acoustic monitoring; carrying capacity; GPS; jaw movement; shepherding;
small ruminants

1. Introduction

Grazing behavior lies at the hub of the relationships that connect the abundance of
forage resources, animal productivity, and impact on the landscape [1-3]. On extensive
rangelands, the moment-to-moment local-scale grazing behavior of an individual animal
aggregates over an entire herd and integrates over time to emerge as the landscape-scale

Environments 2026, 13, 177

https:/ /doi.org/10.3390/environments13030177


https://crossmark.crossref.org/dialog?doi=10.3390/environments13030177&domain=pdf&date_stamp=2026-03-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0009-0007-2165-5267
https://orcid.org/0000-0002-4928-365X
https://orcid.org/0000-0003-2243-8532
https://doi.org/10.3390/environments13030177

Environments 2026, 13, 177

2 of 26

spatial distribution of grazing pressure [4-6]. Identifying and quantifying cause—effect
and feedback relationships between these two scales is integral to our understanding of
rangeland ecology and has the potential to underpin improvements in the management of
rangeland production systems [7,8].

Reduced to its essentials, grazing behavior is about the placement and removal of
bites, coupled in some way to locomotion. For the animal, what matters primarily is
the cumulative quantity and quality of vegetation ingested by all bites removed (most
commonly considered on a daily time scale); for the vegetation, what matters primarily is
the 2D horizontal spatial density of the bites removed (most commonly considered on a
seasonal time scale). So, at the local spatial scale, locomotion can be viewed, in a certain
sense, as a primary regulator of bite placement density, while, at the landscape scale, it
regulates the area over which all bites are spread, which is integral to the definition of
grazing pressure [9,10]. Thus, a lot depends on how tightly or loosely these two facets
of grazing behavior—locomotion and bite removal—are coupled. Given that locomotion
ultimately serves bite removal, the causal chain is expected to operate from the vegetation
to bite removal to locomotion. But what happens to that coupling when external factors
exist that might be expected to “interfere” with locomotion? Studying grazing behavior on
hilly landscapes presents an excellent opportunity to examine such an effect.

A typical small-ruminant herd on extensive hilly rangelands moves across the land-
scape under the guidance of a shepherd who maintains the herd as a fairly coherent spatial
unit [11]. Locomotion of an individual animal within that spatial envelope is influenced,
first and foremost, by the basic mechanics of the ingestive process and the availability of
preferred bites in its immediate scan area [12]. But it is also influenced by the movement
of surrounding conspecifics in its sensory field, the crawl pace of the herd as a whole,
and interventions by the shepherd [13]. Those additional factors are random effects that
introduce noise and will tend to average out with respect to any locality. However, as an
exploratory hypothesis, a landscape feature that has a systematic effect on locomotion at
the local scale might modulate the coupling between locomotion and the mechanics of the
ingestive process. That is, in turn, expected to shape grazing pressure at the landscape
scale, as reasoned above.

Studying the components of grazing behavior at this mechanistic resolution is method-
ologically challenging. The truism that not everything we wish to know is measurable, and
not all measurables have the accuracy we wish, is particularly apt. The cardinal things we
wish to know about grazing behavior are timelines that define where the animal is (both
for locomotion and for the link to landscape features), what the animal is doing, and, when
grazing, its rate of intake. But these differ in their measurability, as we consider in turn.

In principle, a global positioning system (GPS) solves the geolocation problem. It
has been exploited in numerous animal-tracking studies (e.g., [4,14-18]) and, as noted
by Wade et al. [19], is currently the best technology for tracking small ruminants over
extensive rangelands. In practice, battery capacity and field logistics can force compromises
in tracking mode and fix interval that degrade the quality of the data [20]. These constraints
were absent in the present study, and it was possible to use the best operating settings,
which yield a positional error of multiple meters [21]. That is certainly adequate for the
purposes of tracking an animal at the landscape (km) scale. But, at the local scale involving
relatively small displacements, which was the focus here, it was an open question as to
whether the positional error would drown out the signal in statistical analysis.

The timeline of an animal’s activity on rangeland is far more challenging to determine
than that of its location, and this remains an active area of research and development [22,23].
Activity is defined as a class or category that applies to a slice of time in the order of minutes.
This requires the relevant classes of activity to be enumerated and defined, together with
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transition criteria that, for some classes, have an arbitrary element. Required also is a
wearable sensor, subject to constraints of dimensions and weight, which enables activity
to be inferred from the signal it provides. Activity classification can be binary—grazing
versus not grazing [16], three-way: Graze, Rest, Travel [24], or four-way: as Graze, Stand,
Lie, Travel [25] or as Grazing, Lying, Ruminating, Steady standing [26]. Approaches
based on GPS have some resolving power in a 3-way Graze—Rest—Travel classification,
although the separation between Graze and Rest can be poor because animals move quite
slowly when they graze, they can move (loiter) when they rest standing, and there is GPS
error [25,27]. But with respect to the fundamental binary distinction between grazing
and not grazing—our focus here—the most direct and accurate approaches monitor jaw
movements [28].

The individual jaw movement (JM)—the cycle of opening and closing of the jaws—is
the most fundamental behavioral unit related to foraging. Herbivores perform JMs to
gather and sever vegetation as bites and to chew during ingestion and rumination. The
rhythmic activity of the jaws implies grazing or ruminating, while a dearth of JMs suggests
traveling (i.e., walking without grazing) or resting without ruminating [29,30]. Furthermore,
if the sequence of JMs during grazing can be classified accurately, it is possible to quantify
the bite rate and ingestive chewing requirements. Aside from the total absence of bites,
rumination bouts have a distinctive temporal jaw-movement pattern, which enables them to
be identified and separated from ingestive jaw-movement bouts [31]. The timeline of chews
performed over the course of a single rumination bout reveals a highly regular pattern of
repeating runs of regularly-spaced chew events, separated by regularly-spaced breaks in
jaw activity during which time the animal swallows the current bolus and regurgitates a
new one (see Figures 1 and 3 in [32]).

A variety of methods have been devised to monitor jaw movements in grazing ani-
mals [33,34], of which perhaps the most promising to emerge over recent decades has been
acoustic monitoring [35,36]. The acoustic signal is the least mediated and most reliable
way for a human to detect the occurrence of jaw movements that generate bite or chew
sounds (strictly speaking, and as reported in [37], under certain sward conditions, cattle
can intersperse pure-manipulative jaw movements into the jaw-movement stream, which
would not generate a characteristic sound). Under ideal conditions, false negative and
false positive JM identifications are essentially zero, and classification of each sound burst as
a pure bite, a pure chew or a chew-bite can be performed with low error rate, at least in
cattle grazing abundant herbaceous vegetation [29,38]. But for both JM identification and
classification, having to sequence recordings manually/aurally strongly limits the scope
of any study. In order to generate the desired timeline of jaw activity in larger studies,
it is essential to perform the signal processing automatically [39], as was done here (for
identification only).

Regarding the third timeline—moment-to-moment intake rate during active grazing—this
is not currently measurable on open rangeland, and, to our knowledge, there is no such
technology on the horizon. While it is true that under highly controlled conditions the
potential exists to predict intake from chewing sounds [40], or even chew counts [41], there
is a large gulf to bridge before that can be applied to open rangeland. This presents a serious
problem for the present study: knowing activity without knowing intake-when-grazing is
of little value. That is because casual observation shows that animals constrained to four
to six hours of foraging daily, as in the present study, essentially graze the whole time.
However, precise observation that generates the timeline of jaw movement events (bite and
chew actions) enables the key behavior that is mechanistically related to intake rate to be
quantified. For that reason, acoustic monitoring goes much beyond simply recognizing
whether the animal is grazing or not. As will be argued here, the timeline of jaw movement
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activity provided by acoustic monitoring brings us much closer to the as-yet-unattainable
instantaneous intake rate than does a binary activity state.

To test our hypothesis that local-scale landscape features modulate the coupling be-
tween locomotion and the mechanics of the ingestive process, we integrated acoustic
monitoring to provide jaw activity, with high-fix-frequency GPS tracking to characterize
locomotion, and geographic information system (GIS) mapping to provide the local land-
scape features along the foraging route. Specifically, we sought (1) to describe animal
behavior on rangeland in terms of the temporal pattern of jaw activity rather than in terms
of discrete activity classes; (2) to examine the responses of the short-term rate of jaw move-
ment and velocity of locomotion to various factors, including local topography; and (3) to
explore the coupling between leg and jaw activity, and its implications for grazing impacts
on hilly rangelands.

2. Materials and Methods
2.1. Study Site

The study was conducted on an 870 ha homestead in the northern Negev region of
Israel (31°26/33"' N, 34°53/50"" E) comprising Mediterranean semiarid rangeland suitable
for small-ruminant grazing. The long-term resident herd owner had sole grazing rights,
and a perimeter fence deterred grazing incursions by herds from the surrounding areas (see
Supplementary Figure S1 for an orthophoto of the study area). The terrain is hilly (slope
0-29°) and average elevation is 430 m a.s.l. The rock formation is primarily chalk from the
Eocene period with scattered outcrops of Nari (calcrete) crust [42]. Predominant soil types
are brown lithosol and dark brown grumusol [43]. In the wadis, there are loess soils of
alluvial/colluvial origin. The mean annual rainfall is 304 mm, which falls during a mild
winter period extending from November to April. The average daily temperature is 11 °C.
The summer period (May to October) is hot and dry with an average daily temperature
of 25 °C (Israel Meteorological Service). Total rainfall in the hydrological years (October
basis) of the study was 2011/12: 351 mm and 2012/13: 227 mm. In terms of the rainfall
pattern, the wet season (also termed the “green” or “growth” season) of hydrological year
2011/12 brought significant rains in each of the five months November to March, and the
subsequent dry season lasted from May to October 2012. In hydrological year 2012/13,
significant rainfall (>10 mm) occurred in each of the four months November to February,
with only minor subsequent rainfall events.

The rangeland is characterized by a highly heterogeneous mosaic of shrub patches
(mainly Sarcopoterium spinosum L. and Rhamnus lycioides L.), herbaceous vegetation (mainly
annuals), a small proportion of bare soil, and rocky outcrops [44]. Typically, the an-
nual component of the herbaceous vegetation appears shortly after the first rains, grows
rapidly during the spring months of February and March, and sets seed and cures in the
months of April and May (images of the landscape from contrasting seasons are shown in
Supplementary Figure S2), depending on the amount and distribution of rainfall [45].
Based on the long-term monitoring of primary productivity conducted at the Lehavim
LTER station approximately 10 km SW of the study site, the long-term average undisturbed
peak standing herbaceous biomass is expected to be ~100 g m~2 [46].

2.2. The Resident Herd and Its Management

The long-term resident animal herd of the homestead comprised dairy-breed goats
and meat-breed sheep, totaling approximately 870 head. These were divided into a herd of
approximately 320 lactating goats and a second herd of approximately 550 head, comprising
the non-lactating section of the dairy goat herd, and the sheep. Hence, there were three
combinations of animal species and herd. Goats were transferred between the herds on an
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ongoing basis according to their physiological status. After parturition, goats were moved
to the lactating herd and milked daily. When the milk yield declined below a threshold,
goats were moved to the herd containing the dry goats.

Animals were housed at night in the central compound of the farm (elevation 420 m
a.s.l.) that contained the animal sheds, dairy building and outdoor animal holding yards.
Animals were not free-ranging; every morning the two herds would depart the central
compound, each accompanied by a shepherd, and trace meandering routes across the
landscape for approximately five hours, which terminated back at the central compound.
On any given day, the two herds mostly explored non-overlapping regions of the available
area. There was no significant watering or resting break along the route during the study
period. The lactating herd received a grain-based supplementary feed during milking
(approximately 400 g head ~! day—!). The herd of non-lactating animals subsisted on the
grazed vegetation, receiving no supplementary feed. This required the non-lactating herd
to be led out for a secondary shorter foraging route in the late afternoon. These secondary
routes were not monitored in this study.

2.3. Study Animals and Experimental Protocol

The movement and foraging behavior of the two herds were monitored approximately
once weekly for an entire annual cycle. Monitoring commenced in March 2012, at the
peak of one green season, and terminated in April 2013, at the tail end of the next green
season. On the morning of each monitoring day, 30 min before the herds departed the
central compound, the operator would enter the animal yard (of each herd separately)
and select, with minimum disturbance to the group, one volunteer animal. The animals
were overwhelmingly females, and only mature adult females were selected. The only
other criteria for animal selection were that the animal needed to be of healthy appearance
(which was true for almost all animals), have horns of suitable conformation for the acoustic
sensor (which was true for a large proportion of mature adult animals), and not have been
selected previously (based on records of ear-tag number). Selection was otherwise random
from among the animals within easy reach of the operator. The monitoring equipment
(described in detail below) was initialized and installed on the animal, after which the
animal integrated back into its respective herd in every respect. After the herds returned
from grazing, the equipment was removed from the volunteer animal of each herd, and the
raw data files from both devices were retrieved for analysis.

2.4. Acoustic Monitoring

The acoustic signal was recorded using an MP3 device (Sansa Clip+, SanDisk, Milpitas,
CA, USA) modified to connect externally to a piezoelectric microphone (Model WCP500,
Cherub Technology Co., Nanshan, China) by a short cable. This recording device was
selected because it was inexpensive, compact, and robust under field conditions. RockBox
open-source software (version 3.10, released December 2011; https:/ /www.rockbox.org/,
accessed on 2 February 2026) was installed on the device to provide extended functionality.
Recordings were written to the microSD, in WAV format, as a gapless series of files of
30 min duration and at a sampling frequency of 48 kHz (nominal). The internal battery
of the device allowed approximately 10 h of continuous recording, which was more than
sufficient to monitor an entire route. At deployment, acoustic recording was initiated, and
the precise time was recorded. The recording device was placed inside a metal protective
case with an aperture for the cable leading to the external microphone, and the equipment
was taped to the inner face of one horn of the volunteer animal with the microphone facing
inwards. The piezoelectric microphone only detects vibrations transmitted via the horns, to
the exclusion of the vast majority of ambient environmental noises. Sounds and vibrations
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generated by jaw activity transmit well through the skull and to the horns to provide a
clean high-quality signal (sample waveforms in Supplementary Figure S3). The equipment
was lightweight (=100 g) and had no detectable effect on animal behavior.

2.5. GPS Tracking

Each herd was tracked using a GT-600 i-gotU GPS logger (Mobile Action Technology
Inc., New Taipei, Taiwan). The i-gotU uses an SiRF Star III Low Power chipset and built-in
GPS patch antenna with WASS & EGNOS support. The internal memory enables storage of
up to 262,000 waypoints including date-time. The internal battery allows approximately
30 h of operation in continuous-tracking mode, more than sufficient for our purposes, and
the device was configured to record a position every second. Before deployment, the device
was sealed in a plastic watertight case and taped to a small-ruminant plastic collar with the
device oriented to face the sky.

2.6. Processing the Acoustic Signal

We used the algorithm developed in-house and described by Navon et al. [30] for
the core task of JM identification (without classification). The algorithm was designed to
be as general as possible in terms of animal species, foraging environment and recording
equipment and to require no calibration. The algorithm identifies JMs according to key
features in the time domain that are defined in relative terms and uses a machine-learning
approach to separate true JM sounds from spurious noises. In a trial with goats grazing
green herbage in a noisy environment, the algorithm achieved 96% correct identification
and 4% false positives. Even better performance was expected here because of the vibration-
type microphone selected.

In the present study, the algorithm was developed further to efficiently handle the
large quantity of acoustic data gathered. This included a correction for the clock drift of the
SanDisk recording device, which was found to reduce the sampling frequency from the
nominal value of 48,000 Hz to a true value of 45,922 Hz. The correction enabled close-to-
perfect synchronization with the accurate date-time of the GPS data. A high-pass filter of
60 Hz was applied to all the acoustic files to remove background hiss. The first and last
files were trimmed to the exact start and finish times of the foraging route as determined
from the GPS data (see below). To reduce the computational load and analysis time, the
audio files were down-sampled to 8 kHz, and the signal was amplified according to a set
of pre-prepared factors. The core algorithm of Navon et al. [30] then analyzed the sound
signals to extract the timeline of JMs. The waveform of the sound signal was overlaid
with the timeline of JM events identified by the algorithm to check the performance of
the algorithm.

The output files of the signal processing algorithm were merged with metadata for
each foraging route containing key variables for the analysis, including season, herd, animal
species and date. Time was defined in absolute terms (date and time, to a fraction of a
second) and also as time elapsed since the start of the foraging route. For each foraging
route, the time interval between consecutive JMs (T1, defined as time since previous) was
calculated for all but the first JM. Over the entire set of recordings, there were in mid-
summer a few short rumination bouts, which have a distinctive pattern of JMs, and these
recordings were removed.

2.7. Processing Geographic Information

Geographic information was processed using ArcMap 10.8.2 GIS software (Esri, Red-
lands, CA, USA). A digital elevation model (DEM) of the study area was obtained from the
Survey of Israel, with a spatial resolution of 4 m (Supplementary Figure S4). Two additional
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raster layers were derived from it: topographic slope (°; Supplementary Figure S5) and
aspect (°; Supplementary Figure S6).

Aerial photos of the study region were obtained for 2012 (Survey of Israel) and
imported into GIS. A polygon was created representing the homestead perimeter. The
1 s GPS coordinates, organized by collar deployment, were imported as GIS layers and
converted from the WGS84 to ITM (Israel Transverse Mercator) coordinate system. The
locations of each deployment were trimmed at the start and end such that only points that
fell outside the perimeter of the homestead buildings and yards defined a foraging route.
The resulting locations were averaged over 1 min intervals. Each resulting average location
inherited the attributes of its local terrain of elevation (m), topographic slope (°) and aspect (°).
For elevation, the non-default option to bilinearly interpolate elevation at the point location
was implemented. Aspect was converted to the sine of the radian-transformed value.

The path angle (°) between consecutive 1 min average locations was defined as in
Equation (1).

elevation change 180

pathangle = arctangent 2D projected distance T @

where the elevation change is primarily DEM-based, and the 2D-projected distance is
GPS-based. The path angle was negative for uphill movement and positive for downhill
movement. As an alternative approach to defining sloped locomotion, the path angle
was decomposed into steepness (absolute path angle) and the direction of travel (—1 for
uphill, +1 for downbhill). The animal movement velocity (m s~!) was computed between
consecutive 1 min average locations using the 2D-projected distance, corrected for elevation
change, as defined in Equation (2).

\/ (ZD projected distance? 4 elevation changez)
60

)

velocity =

2.8. Integration of Acoustics, GPS and GIS

Analysis of grazing activity at the JM level was based on a dataset containing
889,813 records organized into 69 subsets, each representing a one-day foraging route
of a sheep, lactating goat or dry goat. For each foraging route, the timeline of JMs was
aggregated to yield the minute-by-minute rate of jaw movement (RJM, min~—?). This was
demarcated by the timing of the first and last GPS coordinates and zero-padded for “silent”
minutes, which tended to occur near the beginning or towards the end of foraging routes,
but not exclusively so. The 1 min-level rates were merged with the 1 min-level GPS/GIS
data. The resulting file of 16,852 records, including 2689 with zero count, enabled the JM
rates to be related to landscape attributes.

2.9. Statistical Analyses

Data handling, processing and analysis was conducted in JMP®, Version 16 (SAS
Institute Inc., Cary, NC, USA). The 1 min-level RJMs showed higher minute-to-minute
variability than did the landscape attributes, which changed more gradually and may have
contributed to serial autocorrelation. The average distance between any pair of points
beyond which their cell attributes are independent was estimated for a similar landscape
in the region by Livne and Svoray [47] and was found to be 150 m. Based on the global
median movement velocity of ~0.25 m s~!, the time needed to traverse 150 m would be
~210 min. Hence a 10 min averaging window was applied to the topographic slope, aspect,
elevation, path angle, steepness, direction (—1: uphill, O: level, 1: downhill), velocity and
RJM. Direction at the 10 min level was based on the sign of mean 1 min-level direction.
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Means equal to zero were assigned a direction at random. The resulting file of means for
analysis contained 1577 records.

The frequency distribution of TI was examined for the pooled global dataset, and, in
addition, the median was computed for each foraging route. When analyzing the effects of
season and species-herd combination on median TI, residuals from ANOVA were tested
for normality, and the homogeneity of variances was tested.

The intensity of the grazing activity over the duration of an entire daily foraging route
was defined as the dimensionless ratio of the total number of JMs detected along a route
multiplied by its median TI and the total elapsed time between first and last JM. The effects
of season and species-herd combination on grazing intensity were similarly tested.

We conducted ANOVA on the route-level mean RJM and mean velocity
(n = 69 foraging routes), with season and species-herd combination as terms in the model.
At the 10 min level, the ANOVA of RJM and velocity (n = 1577) was conducted in two
phases, the first of which screened alternative models. All models contained a core set
of terms, to which were added landscape-related terms in a constrained combinatorial
fashion. The core terms were season, species—herd combination, their interaction, foraging
route within season x species-herd combination (random), the linear and quadratic terms
for 10 min segment, and a lag term for the dependent variable (previous 10 min-level
value). In the model for velocity, RJM was included as a core term because the arrow of
causation is assumed to point, primarily, in that direction. Accordingly, velocity was not
included in the model for RJM. To this core we added, in combinatorial fashion, the terms:
aspect (sine of radian-transformed), topographic slope, elevation and path angle, with the
latter three as linear term only or as both linear and quadratic terms. As an alternative to
the path angle, combinations containing steepness only, binary direction only, both, and
both plus their interaction, were added to the core model. At the whole model level, we
examined the adjusted R-square and AICc (Akaike’s information criterion with correc-
tion for small sample size) and how they respond to the presence/absence of non-core
variables. Likewise, we mapped out the stability of the model coefficient and probability
level of all terms in the models and evaluated how dependent these values are on the
presence/absence of non-core variables. In the second phase of the analysis, and based on
the above information, a “representative” model was selected based on the retention of all
significant non-core (landscape-related) variables, separately for models using path angle
versus steepness/direction. The response of the predicted RJM and velocity values was
examined (separately for each approach) in relation to key factors. Additionally, models
that occupied the lowest end of the distribution of AICc values were profiled in terms of
which non-core variables they retained.

3. Results
3.1. The Foraging Routes in Spatial Context

There were 69 daily foraging routes for which both GPS tracking and acoustic mon-
itoring yielded complete usable data for analysis, covering the green (n = 23) and dry
(n = 46) seasons. All three species—herd combinations were sampled multiple times in both
seasons. The foraging routes traced out on these 69 days (Figure 1) reached into different
regions of the hilly landscape within a total area of approximately 10 km? and similarly for
the three species—herd combinations.
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Figure 1. Aerial orthophoto of the study site showing the natural topography (Survey of Israel,
2008, Israel TM coordinate system in meters) and the 69 foraging routes of the study as determined
by the GPS collar operating at a 1 s fixed interval. Points are 1 min average locations and colored
according to species—herd combination: O. lactating goats, 0. dry goats, ®. sheep. The
black dot indicates the area of the animal night shed and yard. Distance between tick marks is
1 km. The aerial orthophoto was obtained from the Survey of Israel and is publicly accessible
at https:/ /www.govmap.gov.il/?c¢=191150.36,595176.88&b=1&sb=7&z=7 (accessed on 2 February
2026). The figure was generated using ArcMap version 10.8.2 (Esri, Redlands, CA, USA; https:
/ /desktop.arcgis.com/en/arcmap/latest/get-started /main/get-started-with-arcmap.htm, accessed
on 2 February 2026).

3.2. The Jaw-Movement Level

The frequency distribution of TI for the pooled global dataset scaled logarithmically
and was highly concentrated around the peak (Figure 2). The global median TI was
0.49 s, which implies an instantaneous RJM of 122 cycles min~!, what might be considered
the epitome of active grazing. The interquartile range of TI was only 0.33 s despite the
overall range in TI spanning orders of magnitude. After log transformation of the median
TI for each foraging route, the residuals from a two-factor analysis (season, species-herd
combination, interaction term) showed a normal distribution (Shapiro Wilk W = 0.98,
p = 0.22). Homogeneity of variances was established by the Levene test (F543 = 0.96,
p = 0.45). The median TI was significantly shorter in the green than in the dry season
(0.45 vs. 0.57 s, respectively; p < 0.0001), equivalent to instantaneous rates of 133 and
105 JMs min !, respectively. The interaction term was significant (p = 0.0497), expressing a
higher difference between seasons for dry goats than for the other two groups. There was a
small increase in the median TI per hour into the foraging route.
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Figure 2. The frequency distribution of the time interval (seconds; logarithmic scale) between
successive jaw movements performed along 69 daily foraging routes traversed over the course of an
annual cycle, spanning a green season (23 routes) and a dry season (46 routes). The distribution is
based on a total of 877,349 intervals.

3.3. Grazing Intensity

The dimensionless intensity of grazing activity over the duration of an entire daily
foraging route (JMs x median TI < duration) ranged from 0.09 to 0.71, and the mean was
0.44. The effects of season and species-herd combination were tested by ANOVA. The
residuals from a two-factor analysis (with interaction term) did not differ significantly from
normality (W = 0.987, p = 0.6966). Homoscedasticity was established by non-significance
of the Levene test (F5 43 = 1.86, p = 0.11). The grazing intensity differed between seasons
(p = 0.002), being higher in the green than in the dry season (0.51 vs. 0.38) and differed
among species—herd combinations (p = 0.0145), being higher in sheep (0.51) than in lactating
goats (0.46) or dry goats (0.37). The interaction term was not significant (p = 0.2773). No
relationship was evident between the grazing intensity and total elapsed time.

3.4. Trends in Rate of Jaw Movement

Based on the 10 min-level dataset, the global mean RJM was 49.8 min~! (+SE = 0.76).
At the seasonal scale, an approximately convex quadratic response was obtained between
the daily mean RJM (over an entire foraging route) and date along the March 2012 to March
2013 annual cycle of monitoring (Figure 3a). The values were highest in February to April,
the height of the green season, and lowest in September, in the depths of the dry season.
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Figure 3. Daily mean rates of jaw movement (a) and locomotion velocity (b) for 69 foraging routes
sampled over the course of one year, spanning wet and dry seasons.

In the two-factor ANOVA of mean RJM for each foraging route, the season had a large
effect on the mean, which was 67.7 min~! and 37.6 min~! in the green and dry seasons,
respectively (p < 0.0001). The species-herd combination was also significant in this analysis
(p = 0.0026), being 40.5 versus 57.6 in non-lactating versus lactating goats, presumably
related to differential physiological requirements, and 59.8 min~! in sheep. These rates
are approximately half the estimates derived in Section 3.2 from the median TI and are
consistent with the low grazing intensities obtained in Section 3.3.

The mean RJM as a function of time into a foraging route showed a unimodal concave
pattern, which differed between seasons (Figure 4a). In both seasons, RJM is low at the
start of the foraging route and builds up to a maximum approximately one hour into
the route. That level is sustained for approximately another hour, and thereafter, there
is a gradual decline in RJM until the termination of foraging. Interestingly, this average
pattern of evolution of RJM over the course of a foraging route was rarely displayed at the
individual-route level, for which patterns were highly diverse (Supplementary Figure S7).

In the ANOVA of the 10 min-level RJM, the constrained combinatorial screening
generated 126 models, which we summarize briefly (see Appendix A for detailed results).
For the core variables, consistent results were obtained across all models; the significant
factors, mostly highly so, were season, species-herd, the linear and quadratic terms for
10 min-segment, and lagged RJM. Among the non-core (landscape-related) variables, the
results were weaker. There was, nevertheless, a consistent convex quadratic response of
RJM to elevation, and the RJM tended to increase with the steepness and topographic slope.
The latter two variables substituted for each other to some extent, as might be expected.
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Figure 4. The average daily time course, by ten-minute segment into a foraging route, of (a) the rate
of jaw movements (min~!; mean + 1SE) and (b) the locomotion velocity (m s~1; mean = 1SE), both
according to season, based on 69 foraging routes.

Using the path-angle approach, the representative model, containing all core variables
and all significant (p < 0.05) non-core variables, explained 70% of the variance (adjusted
R-square). Non-core terms retained in the model were elevation (linear and quadratic),
topographic slope (linear) and aspect. Based on this model, the responses of predicted
RJM to time-into-route and landscape-related variables are shown in Figure 5. The re-
sponse for the 10 min-segment (Figure 5a) is consistent with the empirical relationship
shown above (Figure 4a). More moderate responses were obtained for topographic slope
(Figure 5b), aspect (Figure 5c) and elevation (Figure 5d). The path angle yielded a flat
response (Figure 5e), as would be expected for a non-significant term. Using steep-
ness/direction instead of path angle, the representative model retained the non-core terms
of elevation (linear and quadratic), steepness and aspect. The responses of the predicted
RJM to the variables common to the path-angle-based model did not noticeably change
(Figure 5f-i). Steepness yielded a moderate positive response (Figure 5j) equivalent to
approximately 1jaw movement min~! per degree increase in steepness.

The group of models with the lowest AICc values contained a varied mix of non-core
variables, with one notable exception: steepness was present in all of them and, importantly,
was the sole non-core variable in one of the models. Models containing path angle did not
have especially low AICc values, even though steepness is a function of path angle.
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Figure 5. Cubic spline curves of predicted values for rate of jaw movement (upper 2 rows) and

velocity (lower 2 rows) versus selected continuous covariates in the selected models, based on

10 min-level data. For each panel, the lambda coefficient of the spline function was set to 50, which

had the minimal inflections that fit the broad trend in the data. (a) the predicted rate of jaw movement

according to 10-min segment (based on path angle); (b) the predicted rate of jaw movement according

to topographic slope (based on path angle); (c) the predicted rate of jaw movement according to

aspect (based on path angle); (d) the predicted rate of jaw movement according to elevation (based

on path angle); (e) the predicted rate of jaw movement according to path angle; (f) the predicted

rate of jaw movement according to 10-min segment (based on steepness); (g) the predicted rate of

jaw movement according to topographic slope (based on steepness); (h) the predicted rate of jaw

movement according to aspect (based on steepness); (i) the predicted rate of jaw movement according

to elevation (based on steepness); (j) the predicted rate of jaw movement according to steepness;

(k) the predicted velocity according to 10-min segment (based on path angle); (1) the predicted velocity

according to topographic slope (based on path angle); (m) the predicted velocity according to aspect

(based on path angle); (n) the predicted velocity according to elevation (based on path angle); (o) the

predicted velocity according to path angle; (p) the predicted velocity according to 10-min segment

(based on steepness); (q) the predicted velocity according to topographic slope (based on steepness);

(r) the predicted velocity according to aspect (based on steepness); (s) the predicted velocity according

to elevation (based on steepness); (t) the predicted velocity according to steepness. Non-significant

relationships are indicated by “ns”.

3.5. Trends in Locomotion Velocity

Based on the 10 min-level dataset, the global mean velocity was 0.37 m s~

1

(&SE = 0.0058). At the seasonal scale, a similarly-shaped response was obtained for the
daily mean velocity (Figure 3b) as was shown for the daily mean RJM. In the two-factor
ANOVA of mean velocity for each foraging route, season had a large effect on the mean,
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which was 0.45 m s~ ! and 0.34 m s~ in the green and dry seasons, respectively (p < 0.0001).
Species-herd combination was not significant in this analysis (p = 0.3804). The mean
velocity as a function of time into a foraging route showed a unimodal convex pattern,
which differed between seasons (Figure 4b). In both seasons, velocity commenced high and
descended to a plateau; it then increased towards the end of the foraging route, at least in
the dry season.

In the ANOVA of the 10 min-level velocity, the combinatorial screening was again
based on 126 models (see Appendix A for detailed results). In terms of the core variables,
the results were consistent across all models. Season, the linear and quadratic terms for
the 10 min-segment, lagged velocity and RJM were highly significant. Velocity and RJM
were inversely related. In terms of the non-core variables, steepness and the quadratic
term for path angle were the only variables to display the same consistent high significance
across all models containing them as was obtained for some of the core variables. For
models using path angle, the coefficients yielded a concave response centered near zero and
symmetrical for uphill and downhill values. For models using steepness, the coefficients
were negative, implying a decrease in velocity with increasing steepness. The topographic
slope was inversely related to velocity in the models in which it was significant.

The representative model for velocity in the approach based on path angle explained
47% of the variance (adjusted R-square). Only the quadratic term for elevation was removed.
The response of velocity to the 10 min-segment based on the predicted values is shown
(Figure 5k). This is consistent with the empirical relationship shown above (Figure 4b).
The rate of jaw movement was highly significant, and, as might be expected, higher
RJMs were associated with lower velocities. This assumes the predominant direction of
causation to be from RJM to velocity, since locomotion “serves” ingestion (that is not to
deny that, in moments when an elevated velocity is being driven by social factors and
shepherd interventions, the direction of causation can point from velocity to RJM). There
was a decrease in velocity with increasing elevation (Figure 5n). The response of the
velocity to the path angle showed a strongly concave response centered near zero that was
approximately symmetrical for negative (uphill) and positive (downhill) values (Figure 50).

Using steepness/direction instead of path angle, the representative model retained all
terms except the quadratic term for elevation. The responses of the predicted velocity to
the variables common to the path-angled-based model barely changed (Figure 5p-s). The
predicted velocity responded strongly to the steepness (Figure 5t). Although significant,
the impact of direction on velocity was small, with downhill exceeding uphill velocity by
0.022ms 1.

The group of models with the lowest AICc values contained a wide variety of combi-
nations of non-core variables, but steepness and topographic slope were present in all of
them. There was no overlap in AICc values between models with or without steepness:
all models containing steepness had a lower AICc than those that did not. In contrast,
topographic slope could appear in models in the mid or upper ranges of AICc values.
Models containing path angle were not in the low range of AICc values.

4. Discussion
4.1. Data Quality and Uncertainty

This study integrated three different technologies, each with its own measurement
limits. The geographic data were sourced from a DEM, which is subject to inherent
errors [48] and a degree of pixelation that is determined by its spatial resolution. For the
GPS location data, the challenge was to measure the displacement of a slow-moving object
with a tool that, prima facie, does not have that spatial resolution. Acoustic monitoring differs
from GPS and GIS technologies in that the potential exists for sound-generating JMs to be
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identified almost flawlessly by the signal processing algorithm. But not all our recordings
were of the quality (strength and cleanness of signal) to achieve such performance, and that
could be a further source of error. Classification of sound-producing JMs into pure bite, pure
chew and chew-bite actions is more error prone and was not performed by our algorithm.
Once that technical hurdle is overcome, it becomes possible to test rigorously whether the
bite rate and RJM indeed behave similarly, as argued here.

While the ingestive aspect of grazing behavior was monitored via its fundamental
behavioral unit, the JM, the locomotion aspect, whose fundamental behavioral unit would
be the step, was not. An accurate timeline of step actions, synchronized and integrated with
the timeline of jaw activity, would further deepen our understanding of grazing behavior
and enhance our ability to scrutinize the coupling between jaw and leg activity. We are
not aware of any commercial pedometers suited for small ruminants that log individual
step actions.

4.2. The Rhythm of Jaw Activity

The dominant JM frequency of active grazing can be inferred from the sharply peaked
frequency distribution of TI (Figure 1), with a global median in the region of 0.5 s implying

an instantaneous RJM of 120 min~!

. As corroboration, this rate aligns well with the
relationship between the body mass and masticatory cycle period in mammals collated
by Druzinsky [49] and corresponds to a body mass of 50 kg, which is representative for
the herds in the northern Negev. Yet, when defined at the 1 min level, only 3% of RJMs
exceeded 120 min~!. This suggests a single, relatively-high, natural frequency for the
rhythm of active jaw activity (comparable to the “chewing frequency” of Virot et al. [50])
that is fractured and fragmented with interruptions of variable length, as opposed to
a sustained rhythmic pattern of jaw activity at a lower frequency. This is visualized
(Figure 6) by comparing the timeline of JM events for contrasting 10 min segments of a single
foraging route.

However, the median TI value did differ by season, being 0.46 s and 0.55 s in the green
and dry seasons, respectively. This could be interpreted in two ways, although testing these
alternative hypotheses is beyond our current scope. One possibility is that seasonal changes
in the vegetation induce changes in the allocation of bites between shrub and herbaceous
vegetation, which in turn changes the time budget of the grazing process and hence the
natural JM frequency. It is plausible, for example, that bite formation takes slightly more
time on shrub vegetation, which constitutes a higher proportion of the diet in the summer,
than on herbaceous vegetation [51]. Alternatively, it could be argued that the natural JM
frequency is the same in the dry as in the green season (based on anatomical biomechanics),
but there are proportionately more interruptions in that rhythm, because the vegetation is
sparser, and the search component of the time budget is more dominant. That would shift
the median TI further away from the peak of the distribution.

4.3. RJM and Velocity

The inverse relationship between RJM and velocity reported in Section 3.5 was ex-
pected. First, during intense jaw activity (high RJM), the legs of a grazing animal are mostly
still (as multiple bites are removed from a single feeding station), and the velocity must
be low. Similarly, an animal cannot combine high velocity with high RJM, and the R]M
must be low. But a low RJM does not mechanistically constrain velocity to the low or high
quadrant. Nevertheless, overall, higher RJMs are associated with lower velocities, and
vice versa.
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Figure 6. Comparison of the chronological timeline of jaw movements corresponding to two contrasting rates of jaw movement (RJM) at the 10 min scale along a
single foraging route.
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Consistent with this, the RJM and velocity moved in broadly opposite directions
within a day, at the 10 min scale (Figure 4). When the relationship between RJM and
velocity was examined separately for each foraging route, there was either no significant
relationship or a significant negative one. Note, however, that if the inverse relationship
between velocity and RJM was mechanistic, we would expect the reduced velocity caused
by the increased path angle (itself caused by increased topographic slope) to result in an
increase in RJM. This was not observed, as the RJM appeared invariant to the path angle.
In contrast, at the level of an entire foraging route, the 69 combinations of mean velocity
and mean RJM showed a significant positive relationship between them, consistent with the
similar shape of response of the daily mean velocity and daily mean RJM over the annual
cycle (Figure 3). But once season was accounted for, the RJM was no longer significant.
The dry season, which had the relatively low mean RJM of 41 min~!, also had the lower

Land

of the mean velocities of 0.33 m s~!. The values for the green season were 68 min~
0.45 m s~ !, respectively. Our interpretation is that this is a reflection of contrasting foraging

environments and not of how RJM and velocity co-vary when all other things are equal.

4.4. Robustness of the Key Responses

We examined two approaches to defining sloped locomotion, one based on path angle
and the other based on steepness/direction, each with its pros and cons. Using path angle,
the effect is tested via the quadratic term, which imposes a functional shape with specific
features, such as being less steep nearer the center, which would seem realistic, and being
symmetrical between uphill and downhill locomotion, which is not necessarily so. The
greater density of values near the center (zero path angle) makes detection of a downward
trend on both sides of the central peak area more difficult. Using steepness instead, the
less dense points at both ends of the path angle spectrum are “folded over” and merged to
better detect an effect, while enabling a differential uphill and downhill response via the
steepness X direction interaction term. But being linear, the steepness approach implies
an angled peak between uphill and downhill movement, which is less realistic. It was a
positive indication that the two approaches yielded mutually compatible results. On the
basis of AICc, steepness was the primary non-core variable of importance for both RJM
and velocity.

A somewhat similar herd-tracking study on hilly rangeland was conducted in 2008/9
at the Lehavim LTER station, differing from the present study in animal breed, shepherd-
ing style and GPS rover technology. Nevertheless, a similar, steep, concave response of
locomotion velocity was obtained, peaking at approximately 0° path angle [52]. That is, at
least, corroborative evidence. In a separate herd-tracking study conducted in 2002/3 at the
same research station, using different GPS rover devices and different GIS data-processing
methods, topographic slope was found to be negatively correlated to velocity, although
the path angle was not examined [53]. The mean locomotion velocity of 0.3 m s~1
comparable to that obtained here.

was

Qualitatively similar results based on human walking on sloping surfaces have been
reported by Sun et al. [54] and, at least for uphill travel, by Xie et al. [55]. Using a large
database from a fitness-tracking smartphone application, Campbell et al. [56] combined
GPS tracks, GIS and lidar data to model travel rates of hikers as a function of terrain slope.
Here too, a concave response of travel rate to terrain slope, centered near zero, was obtained.
What remains unclear is the role of the shepherd in the velocity response and whether these
results extend to free-ranging small ruminants.

Regarding the mild RJM response to path angle (or steepness), we are not aware of any
other study of ungulate jaw activity in relation to local topography to be able to corroborate
our findings. It is noteworthy that the concave velocity response to path angle was obtained

https:/ /doi.org/10.3390/environments13030177


https://doi.org/10.3390/environments13030177

Environments 2026, 13, 177

18 of 26

despite being based on an inherently inaccurate tool for measuring small displacements
(GPS). Yet the inherently more accurate tool for detecting JMs (acoustic monitoring) failed
to reveal a strong response to path angle.

The landscape-level pattern of GPS locations shows a high concentration of points
along narrow trunk routes frequented by the herds on exiting and returning to the central
compound (Figure 1). This might unduly influence the velocity and RJM responses, which
are intended to represent normative foraging behavior on the open landscape. Furthermore,
local landscape features near the corral may be confounded with behavior associated
with the start and end of foraging routes, making it difficult to interpret their statistical
significance. To test this, we removed the 1 min-level GPS points along those trunk
routes near the central compound and repeated the statistical analysis of velocity and RJM
(n = 1340). We found no substantive change in the core results; RJM was invariant with
the path angle, and the velocity responded concavely to the path angle. In the analysis of
velocity, the quadratic term for path angle remained highly significant, as did steepness in
the other approach.

4.5. The Implications of No Jaw-Leg Coupling

Given the empirical evidence presented regarding jaw activity and animal movement,
plus a number of assumptions we regard as eminently reasonable, certain abductive
inferences follow. We suggest that (i) velocity is related to path angle (or steepness), and
(if) RJM is effectively invariant to path angle, both as suggested by the empirical evidence.
That implies an apparent absence of coupling between locomotion and jaw activity. If so, as
path angle increases, velocity declines while RJM remains unchanged, and therefore, more
JMs (bite and chew actions) are performed per unit area scanned by the animal. Note, this
effect would be only amplified if we adopted increasing RIM with steepness, for which a
case could be made.

As the next step in the reasoning, the assumption is made that if more JMs are per-
formed per unit area, then more bites are removed per unit area. For that not to happen, the
animal would have to titrate its allocation of JMs between bite and chew actions in exact
response to the path angle so as to maintain a constant density of bite placement. That
seems implausible, especially in light of the binary on/off nature of jaw activity and the
numerous short interruptions at the time scale of a few seconds (Figure 6). Evidently, ani-
mals do not take advantage of the “idle” time by performing extra chews, which might be
expected to benefit the animal. In fact, there is strong empirical evidence that the chewing
coefficient, i.e., the number of chew actions performed per unit herbage mass consumed,
is a quite conservative ratio [41]. This conservatism in chew-bite ratio, demonstrated in
cattle under controlled grazing conditions and constant bite mass [57], strengthens the
argument that animals facing declining locomotion velocity on sloping terrain are unlikely
to be increasing chew-bite ratios to maintain constant bite placement density.

In the next step of the reasoning, we argue that more bites per unit area necessarily
means more offtake per unit area. That is not self-evident: it might be contended that
the bite weight is being regulated to maintain constant herbage offtake per unit area or to
even reduce it by more than compensating the increase in bite number. But that would
not accord with the current understanding of ingestive behavior. The process of depleting
an herbage patch is expected to follow a predictable sequence of bites and associated
weights, that gives rise to the “depletion curve” [58-61]. Therefore, more bites always entail
more offtake. That is the case even though, sooner or later along the depletion curve, the
marginal bite weight will decline. That is also the case irrespective of how steeply the bite
weight declines.
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It should be noted, however, that if the marginal bite weight declines as patch depletion
proceeds, offtake per unit area will increase monotonically but not linearly. In a simple
conceptual model of intake (when search time is not limiting) the intake process is governed
by (i) the natural jaw movement rate under non-limiting conditions; (ii) the bite weight; and
(iii) the number of chews required per unit intake (the “chewing coefficient”). The animal’s
bite rate derives from those parameters: ignoring chew-bites for simplicity, each bite action
requires a number of chew actions equal to the product of bite weight and the chewing
coefficient. The bite rate is then given by the simple expression: natural jaw movement
rate + [1 + (bite weight x chewing coefficient)]. The bite rate would therefore be expected
to increase as patch depletion proceeds, because lighter bites require fewer chews [62].

An assumption is being made regarding the scan width of the animal, which is one
dimension of the density of bite placement. In theory, the scan width could be regulated to
maintain a constant bite density, but that seems highly implausible and is currently impos-
sible to test. The scan width is assumed to be invariant to the path angle (or steepness).

Regarding the vegetation, there is an assumption of no systematic change with topo-
graphic slope (or path angle). But could a topographic gradient make the vegetation on
steeper terrain more attractive to the animal resulting in higher apparent grazing pressure?
We are not aware of any evidence for that, and, if anything, it seems unlikely given the asso-
ciation between slope angle, water-driven erosion and local productivity [63]. Furthermore,
if such a gradient existed, the effect of the animal’s path angle (or steepness) on velocity
would not be expected to be much stronger than that of the intrinsic local topographic
slope, as shown to be the case in Figure 5.

Based on the above reasoning, an implication of the apparent absence of jaw-leg
coupling is that, all other things equal, the grazing pressure is more intense on sloping
terrain than on level areas. This would be a previously unreported pathway by which
herbivory can have a negative impact on rangelands as a result of a direct cause—effect
relationship between the abiotic environment (sloping topography) and a core component
of grazing behavior (locomotion). Based on the 10 min-level data, the relationship between
the absolute path angle and the topographic slope showed an increase in the path angle of
approximately 0.6° for every 1° increase in slope angle up to 8° and a less steep increase
at higher (and less common) slopes (Supplementary Figure S8). A factor shaping this
relationship may be the fine-scale network of trampling routes that often crisscrosses
the slopes and becomes most apparent in the latter part of the dry summer season [64].
A change in path angle of 2° would be expected to increase bite placement density by
approximately 5%, via its effect on locomotion velocity (Figure 50). Based on the population
of slope values encountered along the foraging routes, 50% were higher than 7°; so, the
effect on bite placement density becomes substantial. It appears that the abiotic processes
that disadvantage slopes in semiarid areas [65] are compounded by an additional stress via
the modification of grazing behavior.

4.6. Optimality Considerations

In the species-rich, highly heterogeneous natural vegetation of the study area, the
spatially intermixed population of potential bites on offer presents a range of nutritional
value (combining mass and quality). Under such circumstances, theoretical analysis shows
that the optimally behaving herbivore selects bites that exceed a certain value threshold [66].
Thus, the assertion that bite placement density is increased by sloping terrain seems to
imply a deviation from optimal foraging: if the vegetation did not change, why should
the selectivity threshold change? The answer is that the sloping terrain has modulated
a behavioral parameter of the model, namely, the search-phase locomotion velocity of
the animal. The resulting increase in the searching component of the time budget of
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instantaneous intake rate shifts the optimum selectivity threshold to include a higher
proportion of bites on offer. This makes intuitive sense, and the true absence of jaw-leg
coupling, however indirect, is not being purported. But from the point of view of optimality,
our assertion is, at least qualitatively, compatible with the predictions of that conceptual
model. In fact, there was some indication of an increase in RJM with increasing topographic
slope and increasing steepness (Figure 5b,g,j). That would only augment the effect on bite
placement density. The impact on intake rate and diet quality would then depend on the
flatness of the frequency distribution of bite value in the local landscape.

4.7. Management Implications

The stability analysis of Noy-Meir [67], based on a simple two-function graphical
model, can help explain the broader implications of a change in bite placement density,
especially in the early phases of the growth season. In Noy-Meir’s graphical model, the
direction of change in biomass per unit area at any given biomass level is determined by
the balance between the growth and consumption rates on a per-unit-area basis. In the
model, these rates are themselves functionally determined by biomass. If we apply the
same approach locally to sloping terrain, an increase in bite placement density does not
necessarily mean an increase in instantaneous intake rate of the animal and may even reduce
it, but it must mean an increase in local offtake per unit area and increased pressure on
the vegetation. That could narrow the positive balance between growth and consumption,
which would slow subsequent accumulation of biomass towards a high-biomass stable
equilibrium, or even switch the balance to negative, which could initiate a decline towards a
low-biomass stable equilibrium [67] and predispose wider negative consequences mediated
by the soil [68]. This could have implications for how carrying capacity of such areas should
be defined [69,70]. Such impacts would need to be ameliorated by introducing or extending
deferment at the start of the green season and/or reducing the animal density.

We reason that slower locomotion on sloping terrain, when aggregated over animals
and time, modifies the landscape-level spatial distribution of the herd. For a given duration
of foraging route, an increase in the density of bite placement at the local behavioral scale
implies a contraction in the surface area of the daily herd footprint at the landscape scale.
The same herd on level terrain would spread its bites over a larger area.

5. Conclusions

Acoustic monitoring demonstrated that jaw activity associated with small-ruminant
grazing on semiarid rangeland operates in bursts of varying duration of evenly spaced jaw
movements that occur at a characteristic instantaneous rate of approximately 120 min~!.
The bursts are interrupted by breaks of varying lengths, which scale logarithmically and
which reduce the mean minute-level rate of jaw movements to approximately 50 min~!.
The rate of jaw movement was invariant to the path angle, but the velocity responded
concavely to the path angle, with a maximum at zero angle. It was reasoned that this
apparent absence of coupling between jaw activity and locomotion increases grazing
pressure on the sloped terrain of hilly rangelands. This can have implications for the local
stability properties of the system and can modify the landscape-level spatial distribution of
the herd. For a given duration of foraging route, an increase in the density of bite placement
at the local behavioral scale implies a contraction in the surface area of the daily herd
footprint at the landscape scale. These findings from behavioral ecology link directly to
applied rangeland management via the effect of terrain-driven bite density on sustainable
stocking rates. There is cause to reevaluate how the carrying capacity of hilly rangelands

should be defined for the better management of these production systems.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/environments13030177/s1, Figure S1: Aerial orthophoto of the
study site showing the natural topography; Figure S2: Typical landscapes of the study region in
the green (growth, wet) season and in the dry (senescent) season; Figure S3: Sample waveforms
obtained by acoustic monitoring, each of 38 s duration, for uninterrupted rhythmic jaw activity (top)
and for a period with significant interruptions in jaw activity (bottom); Figure S4: Digital elevation
map of the study site; Figure S5: Topographic slope across the study site; Figure S6: Aspect map
of the study site following categorization of the continuous-variable aspect used in the analysis;
Figure S7: Contrasting patterns of jaw movement activity along different foraging routes; Figure S8:
Cubic spline curve of the relationship between absolute path angle and topographic slope, based on
one-minute-level means, truncated at a slope of 18° due to the low density of values.
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Appendix A. Constrained Combinatorial Screening of Factors

In the ANOVA of 10 min-level RJM, the constrained combinatorial screening contained
results from 126 models representing permutations of the inclusion/exclusion of terms
related to the landscape (topographic slope, aspect, elevation, path angle, steepness and
direction) that were added to a set of core terms present in all models. Second-order terms
were only tested in the presence of the first-order term. First- and second-order terms
for the path angle were examined in separate models from those based on steepness and
direction. The results were scanned for associations between the significance of a variable
in the model and the presence/absence of all other variables.

In the ANOVA of 10 min-level R]M, the only variables that yielded consistent high
significance belonged to the group of core variables. Season was highly significant
(p < 0.0001) in all models, and species-herd was significant (p < 0.02) in all models; the
season X species-herd interaction was not significant in any model (p > 0.3). The linear and
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quadratic terms for the 10 min-segment were highly significant (p < 0.001) in all models, as
was the lagged RJM (p < 0.0001). Among the non-core landscape-related variables, aspect
was not significant in 48 of 63 models. When the topographic slope was included as a linear
factor only, it was significant (p < 0.05) in 24 of the 42 models and highly so for a number
of them. In all these models, the coefficient was always positive, implying, if anything,
an increase in RJM with increasing topographic slope. When both linear and quadratic
terms for topographic slope were included in the model, neither term was significant in
any model. When elevation was included as a linear factor only, it was not significant in
any of the 42 models examined (p > 0.4). When the model included both the linear and
quadratic terms for elevation, both terms were significant in all models and mostly at a
significance level of p < 0.01. In all models, coefficients for the linear and quadratic terms
were negative and positive, respectively, implying a convex shape. For models using path
angle, the linear term was not significant in any model, with or without the quadratic term
(p > 0.1), and the quadratic term was significant (p < 0.05) in six of 18 models. For models
using steepness/direction, steepness was significant (p < 0.01) in all models in which it
appeared. The coefficients for steepness were positive, implying that RJM increases with
increasing steepness. Direction alone was not significant (p > 0.1) in any model. Including
steepness and direction in the same model yielded similar results to those obtained for each
factor alone. The steepness x direction interaction term was not significant in any model
(p>0.2).

In terms of presence/absence dependencies among non-core variables, some rela-
tionship existed between aspect and elevation; for the 15 models in which aspect was
significant, the linear and quadratic terms for elevation were always present. Not surpris-
ingly, the steepness of the animal’s path angle and the topographic slope of the landscape
were related; steepness was absent from all 24 models in which topographic slope (linear
only) was significant. Similarly, the quadratic term for path angle was absent from the
17 models with the lowest p-values for topographic slope. Significance levels for the linear
and quadratic terms for elevation were not sensitive to presence/absence of other variables
in the model. For models using path angle, the linear and quadratic terms for topographic
slope were absent from the six significant models. For models using steepness/direction,
the significance of steepness was stronger when the topographic slope was not included in
the model.

In the ANOVA of 10 min-level velocity, the combinatorial screening was again based
on 126 models. In terms of the core variables, season was highly significant (p < 0.0001)
in all models; species—herd was not significant (p > 0.1) in any model, neither was the
season x species—herd interaction (p > 0.3). The linear and quadratic terms for 10 min-
segment, RJM and lagged velocity were all highly significant (p < 0.0001) in all models.

In terms of the non-core landscape-related variables, the only variables to display the
same consistent high significance across all models, as shown by some of the core variables,
were the quadratic term for path angle and the steepness, as detailed below. Aspect was
significant in all models (p < 0.05), sometimes highly so. Topographic slope as a linear
term only yielded highly variable probabilities (range < 0.0001-0.8), and its coefficient
was positive. The quadratic term for topographic slope was significant in all models
(p < 0.05) and most highly so when steepness was included in the model. When elevation
was included as a linear factor only, it was significant in all of the 42 models examined
(p < 0.01), and the coefficients were all negative (~—0.0007). When the model included
both the linear and quadratic terms for elevation, the quadratic term was significant in 18
of the 42 models.

For models using the path angle, when included as a linear term only, the term was
significant (p < 0.01) in all 18 models. Similarly, the quadratic term was highly significant
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(p < 0.0001) in the 18 models that included it. The coefficient of the linear term was pos-
itive, and that of the quadratic term was negative, yielding a concave response centered
near zero and symmetrical for negative (uphill) and positive (downhill) values. For mod-
els using steepness/direction, steepness alone was highly significant (p < 0.0001) in all
18 models examined, and the coefficients were negative (~—0.02), implying a decrease in
velocity with increasing steepness. The direction was significant (p < 0.05) in all 18 models
in which it appeared alone, and the coefficients implied slower velocity uphill versus
downhill. Including steepness and direction in the same model yielded similar results to
those obtained for each factor alone. The steepness x direction interaction was significant
or marginally significant in all models in which it appeared (p < 0.09).

There were various presence/absence dependencies among the non-core variables
of aspect, topographic slope and elevation. The 21 models with highest significance for
aspect did not contain the quadratic term for topographic slope, and the linear term was
absent in most of those as well. For topographic slope, the group of models with the highest
significance (p < 0.0001) all contained steepness, and the remainder did not. Models with
the highest significance (p < 0.0001) for elevation all contained topographic slope, and the
remainder did not. The quadratic elevation term was not significant in any model that
contained steepness.
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