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Foraging herbivores respond to the spatial pattern of resources at a variety of scales. At small scales of space
and time, existing models capture the essence of the feeding process and successfully predict intake rates.
Models that operate over larger scales have not exhibited a similar success, in part because we have a limited
understanding of the rules used by animals to make decisions in spatially complex environments, or of the
consequences of departing from these rules. To evaluate the rules that large herbivores use when navigating
between forages, we examined movements of bighorn sheep foraging on apparent prey (alfalfa plants) in
hand-constructed patches of plants. Observations of movements and path lengths were compared to simula-
tions that used a variety of different rules-of-thumb to determine a search path. Rules used in simulations
ranged from a random walk with various detection distances, to more complicated rules that solved a variant
of the travelling salesman problem. Simulations of a random walk yielded movement lengths that exceeded
observations by a factor of 3 for long detection distances, and by 30-fold for short detection distances. Ob-
served move distances were most closely approximated by simulations based on a nearest-neighbor rule —
over 75% of all moves by bighorn sheep were to the closest available plant. Movement rules based on random
walks are clearly inappropriate for many herbivores that typically consume visually apparent plants, and we
suggest the use of a nearest-neighbor rule for modelling foraging by large herbivores.

1. Introduction Hobbs et al. 1991). In addition, the mobility of
herbivores allows them to create and maintain

Foraging by large herbivores influences the struc- spatial variation in these processes at a variety

ture and function of ecosystems by altering the dy-
namics of plant communities (Ellison 1960, Norton-
Griffiths 1979, Mack and Thompson 1982, Gessa-
man and MacMahon 1984, Milchunas and Lauen-
roth 1993, Dodd 1994), by modifying the distribu-
tion and turnover of nutrients (Hobbs and Schimel
1984, Schimel et al. 1986, Jaramillo and Detling
1988, McNaughton et al. 1988, Pastor ef al. 1988,
Ruess and McNaughton 1988, Hobbs er al. 1991,
Pastor and Naiman 1992), and by affecting distur-
bance regimes, particularly the frequency and in-
tensity of fires (Madany and West 1983, Mills 1983,

of scales (Laws 1970, Belsky 1984, McNaughton
1985, Hobbs ef al. 1991, Jaramillo and Detling
1992). Thus, understanding herbivore movements
emerges as an important component for under-
standing spatial heterogeneity in natural landscapes
(McNaughton 1985, Detling 1988, Schlesinger ef al.
1990, Pastor and Naiman 1992).

Landscape-level models of ecological processes
portray the causes and consequences of spatial pat-
tern. This portrayal often requires depicting the
movements of large herbivores in some reasonable
fashion (e.g., directed movement; Hyman ef al.
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1991, Turner ef al. 1993). Abstractions of herbivore
movement can be derived from understanding the
rules that animals use to navigate among resources
(Senft et al. 1987). However, empirical studies of
movement rules of foragers have emphasized obser-
vations of predators searching for prey that are
either cryptic (Holling 1959, Holling 1965, Smith
1974, Zach and Falls 1976, Speakman 1986) or pre-
dators searching for a food that cannot be evalu-
ated prior to actual consumption (Pyke 1981, Wolf
and Hainsworth 1991). This situation, common to
animals that might be described as traditional pre-
dators, obviously does not apply to herbivores
feeding on plants that are visually apparent. Here,
we focus on evaluating rules-of-thumb that ungu-
lates or other visually-oriented predators might use
to travel between isolated, but apparent, plants or
patches of food.

The time and cost of travelling between food
items can be substantial, even when a forager can
readily locate and move directly between foods. In
this case benefits may be maximized primarily by
reducing travel costs, rather than by careful selec-
tion for item size or quality. Thus, to maximize in-
take rate the foraging animal would need to solve
avariant of the ‘traveling salesman problem’, iden-
tifying the shortest path that visits a number of dis-
crete locations. This is an extremely difficult prob-
lem to solve when there are relatively few items, and
it becomes logistically impossible to solve as the
number of stops increases (see Anderson 1983 for
a non-technical discussion such analytically intrac-
table problems). Animals are typically confronted
with a spatially complex environment containing
many potential foods, and they are limited in their
ability to collect, synthesize, and analyze informa-
tion (Real 1991). Because cognitive processing abili-
ties are limited, it is likely that foraging animals use
parsimonious rules-of-thumb to navigate between
foods.

We evaluated the consequences of using relatively
simple rules-of-thumb for moving between foods.
We did this by simulating the paths that animals
would use to move between plants and comparing
these model predictions to the paths taken by
bighorn sheep (Ovis canadensis). Our analysis is
restricted to patches where all food items are of

equal quality (size, nutrient content, etc.) and are
readily apparent when they fall within the visual
range of the forager.

2. Methods
2.1. Animals and experimental apparatus

We evaluated the movement patters of bighorn
sheep foraging on hand assembled patches of plants
that differed in dispersion pattern. Feeding trials
were conducted within a fenced field (approximate-
Iy 50 m x 85 m) in which we placed 36 individual
alfalfa (Medicago sativa L.) plants at specific coor-
dinates within a central area of 40 m by 70 m. No
plants were within 5 m of any fence. At each coor-
dinate an individual plant was placed in a plastic
pipe (18 mm diameter by 7.5 ¢cm long) attached to
a metal rod that was driven into the ground. Plants
were held firmly by a rubber stopper pressed into
the pipe from below. Each plant was numbered
with a tag that could be seen from at least 15 m. All
existing vegetation in the field was mowed to a very
short height.

The alfalfa plants we presented to sheep were
trimmed to a uniform size (30 cm tall; 1 g of dry
matter) and visual appearance. The distance be-
tween plants in the hand-constructed patches we
used in feeding trials were very close to those calcu-
lated from computer-generated plant coordinates
(average difference between measured and calcu-
lated distance = 2.5 cm, [1.0% of the actual dis-
tance], n = 32).

The locations of individual plants in patches were
determined by independently choosing x and y
coordinates from a uniform random distribution.
We created two patch types, a ‘random’ type that
contained 36 independent plant locations, and a
‘clumped’ type that consisted of 12 randomly
chosen points, around which we randomly dis-
tributed 3 plants within 5 m of the point. Seven
different patterns of plant distribution (4 random
and 3 clumped patterns) were created and each pat-
tern was used for two consecutive days. Subsequent
analyses of plant patches failed to detect significant
differences in the distribution of plants, thus we



grouped all data together. Overall, the patches used
in foraging trials are described by the equation:

E(n,L) = kp(L)dp

where E(n,L) is the expected number of plants with-
inan L x L (m) square, and is described by a density
constant, kp (plants/m?), and the fractal dimen-
sion, d, (dimensionless), (Schroeder 1991:220).
For our patches, kp averaged —3.84 (se = 0.25),
and dp averaged 1.93 (se = 0.07), indicating that
we achieved a nearly random distribution of plants
in the foraging arena.

All foraging trials were conducted at the Colora-
do Division of Wildlife Foothills Wildlife Research
Facility (Fort Collins, Colorado) during October
and November, 1992. We used captive-reared
bighorn sheep ewes (N = 7; body mass = 74—87
kg) fed a basal diet of dried alfalfa hay supple-
mented once weekly with concentrate pellets. To
ensure an interest in feeding, we removed food
from the animals overnight and conducted trials
from 07:00—10:30 hrs each morning. Before data
collection, all animals were habituated to the ex-
perimental apparatus and fresh alfalfa used in all
feeding trials.

2.2 Behavioral measurements

We initiated feeding trials by introducing a single
bighorn sheep into the foraging area from a holding
pen located at one end of the arena. Data collection
began when the animal took its first bite. We subse-
quently recorded the number of each plant visited,
the time of arrival at the plant, and an index of the
path taken to the plant (see below).

We recorded two measures of the distance
travelled between plants. First, we simply calcu-
lated the straight-line distance between plants,
based on their respective coordinates. To estimate
the actual distance travelled by an animal, we as-
signed each move an index from 1 to 4 based on the
curvature of the path. An index of 1 represented a
straight line, and indices of 2, 3, and 4 represented
arcs that substended 30, 50, or 180 degrees of a cir-
cle. Using these indices, we multiplied the direct-
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line path distance by 1.00, 1.032, 1.252, or 1.571 to
estimate the actual distance travelled. Trials were
restarted at the animal’s current location if an
animal was temporarily distracted but then con-
tinued feeding. We ended trials when a sheep either
lost interest in foraging on the alfalfa plants or
when an animal had consumed most of the plants
and clearly had difficulty locating an uneaten plant
(e.g., all ungrazed plants were far away). We con-
ducted 1 trial per animal each day.

2.3 Modelling approach

Our analyses apply to the relatively simple situation
of an animal foraging in a patch populated by
plants that are essentially identical in value and ap-
parency. We assume that a plant is completely con-
sumed when visited by an animal, and it does not
regenerate over the period of a feeding bout. Thus,
there is no reward associated with revisiting a plant,
and an animal will achieve the greatest overall re-
ward and the greatest reward rate by visiting all
plants exactly once, using the shortest path between
the plants. We assume that the cost of foraging is
proportional to the distance moved, and that the re-
ward of eating a plant is always greater than the
cost of moving to that plant.

The spectrum of rules that could describe the
movements of animals between foods is bounded at
one extreme by a random walk (RW), and at the
other by the shortest possible path to all available
items, the travelling salesman (TS) solution. Our
TS rule differs slightly from the classical travelling
salesman problem because it does not require the
animal to return to the point of origin. Between the
RW and TS rules exist a myriad of strategies that in-
clude a correlated random walk, a spiral or sys-
tematic search, and what we call a ‘moving win-
dow’ rule (MW; similar to the ‘L-step look-ahead’;
Altmann 1974, Anderson 1983). The MW strategy
is a variant of the TS rule, and is employed as fol-
lows. An animal looks ahead from its current loca-
tion and evaluates all potential paths to » items
(MW-pn). It then chooses the shortest path, moves
to the » plants and ‘consumes’ them, and continues
by repeating the process. If there are fewer than »
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Fig. 1. The percentage of moves by bighorn sheep in feeding tri-
als to plants ranked by their proximity to the animal. The
nearest-neighbor plant was assigned a rank of 1, the second-
closest plant was assigned a rank of 2, etc.

items left, the animal ‘consumes’ all remaining
items using the shortest path between them. When
n is equal to 1, the animal always moves to the
nearest-neighbor (NN) plant and when # is equal to
the total number of plants, the MW and TS solu-
tions are the same.

Here, we examined the consequences of using
different variants of the RW and MW strategies.
First, we simulated a RW strategy in the same
patches used for foraging trials. We varied the dis-
tance at which an animal could detect a plant (the
detection distance, in m), and we assumed that once
the animal was within the detection distance of a
plant, it moved directly to it. If more than one plant
fell within the detection distance, the animal used a
nearest-neighbor rule and moved directly to the
closest plant. We also simulated foraging paths
using a MW rule, with window sizes from 1 (a NN
rule) to 10. For each rule, we conducted simulations
using 10 unique random starts in the 7 different
patches used in our bighorn sheep trials (70 simula-
tions for each rule).

Frequency (%)

0-1 10-11 20-21 30-31
Move Distance (m)

Fig. 2. Frequency distribution of move distances by bighorn
sheep foraging on alfalfa plants. Sheep rarely moved to a plant
more than 10 m away.

3. Results
3.1 Trials with bighorn sheep

After several days of habituation, sheep readily
consumed the alfalfa we offered them in the feeding
trials. Our analyses were based on 1376 moves be-
tween individual plants from the 71 trials that
bighorn sheep completed. In each trial, bighorn
sheep visited an average of 19.4 of the 36 plants we
offered.

Bighorn sheep typically moved from one plant to
the closest available plant (Fig. 1; 75% of all moves),
and the frequency of moves to plants that were lo-
cated farther away declined rapidly. Over 90% of
all moves were to one of the three plants that were
closest to the animal. For the 1376 individual move-
ments recorded, the average distance moved be-
tween plants by the sheep was 5.33 m. By compari-
son, the average straight-line between the same
plants was 5.18 m (Fig. 2). More than 75% of the
time, bighorn sheep moved directly between plants,
and an additional 19% of the travel paths deviated
only slightly (an increase in travel distance of about
3%).

When sheep failed to move to the closest availa-
ble plant, they usually travelled to a plant that was
at nearly the same distance. For example, about
50% of moves to a plant that was not the nearest-
neighbor resulted in additional travel of less than
2 m (Fig. 3), and over 95% of ail non-NN moves
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Fig. 3. Frequency distribution of the additional distance trav-
elled by bighorn sheep when they choose to move to a plant that
was not a nearest-neighbor (NN). When bighorn sheep chose to
move to a plant that was not the nearest-neighboring plant, it
nevertheless moved to a nearby plant, and incurred only small
additional travel costs. The additional distances moved were
categorized into 1 m classes (0—1 m, 1-2 m, etc.).
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Fig. 4. Frequency distribution of the percentage increase in
move distance for moves where sheep choose a plant that was
not the nearest-neighbor.

were to plants that were less than 6 m farther than
the closest available plant. Hence, movements be-
tween plants other than nearest-neighbors typically
increased travel distances by less than 50% (Fig. 4).

3.2 Simulation modelling

The lengths of foraging paths generated from simu-
lations using a random-walk (RW) rule were much
greater than those we observed in foraging trials.
For a randomly-walking herbivore with a detection
distance of 2 m, the average simulated distance
necessary to encounter 25 plants was 4022 m, about
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Fig. 5. Foraging path move distance as a function of the number
of plants visited using a random walk rule with various detection
distances. Animals moved directly to a plant that fell within the
detection distance, or to the closest plant if more than one fell
within the detection range. Simulations were run using the same
distributions of plants that were employed in the bighorn sheep
foraging trials.

30 times greater than the average of 134 m that we
observed in our feeding trials. As the simulated de-
tection distance increased, the length of the for-
aging path converged with that of a nearest-
neighbor rule. However, even with a detection dis-
tance of 12 m, the average length of a path to 25
plants was 462 m, a 3-fold increase over observed
foraging path lengths. As more plants within a
patch were consumed, RW strategies performed in-
creasingly poorly and the average distance travelled
between plant captures increased dramatically (Fig.
5). We limited our analysis of RW detection dis-
tances to 12 m because bighorn sheep rarely moved
directly to a plant more than 12 m away. Only 4 of
the 46 moves longer than 12 m were to the closest
plant, and only once did a bighorn move directly to
the closest plant when it was more than 12 m away.

When compared to the RW strategy, moving-
window (MW) and NN rules typically reduced the
length of a foraging path by more than an order of
magnitude. However, the use of MW rules resulted
in only a slightly greater foraging efficiency (about
10%) over the more parsimonious NN rule (Fig. 6),
and in fact resulted in a longer path lengths when
foraging continued until all plants in a patch were
consumed. This occurred because the use of a
moving-window rule often resulted in ‘leaving’ a
near-by plant uneaten. After almost all plants were
consumed, the forager was forced to move long dis-
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Fig. 6. The ratio of the foraging path length using various
window-sizes (Wsize) to the length of foraging path using a
nearest-neighbor rule. Means of 10 simulations conducted on
the seven patch distributions used in the bighorn sheep foraging
trials. Points below the horizontal reference line represent paths
that were shorter than that resulting from a nearest-neighbor
movement rufe.
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Fig. 7. A comparison of observed lengths of foraging paths of
bighorn and simulation results. The dotted horizontal line at
100% is the observed distance, and the other lines depict path
lengths generated by simulations that employ a nearest-neighbor
rule, or a moving-window rule with a window size of 2, 5, or 10
plants. Points below the reference line represent strategies that
are more efficient (shorter paths) than those observed, and
points above the line represent paths longer than those observed.

tances to obtain the last few, widely scattered,
plants.

Observed path lengths of foraging bighorn sheep
were most closely approximated by simulations in-
corporating a NN or small window size rule (i.e.,
2-3 plants; Fig. 7). We obtained an insufficient
number of observations to extend the comparison
of observations to simulations beyond the con-
sumption of 25 plants.

4. Discussion
4.1 Relevance to landscape models

Senft et al. (1987) characterized foraging by large
herbivores as a nested hierarchy of responses to
landscape features — plants, small patches, large
patches, landscapes, and regions. An important,
unresolved question emerged from their analysis:
Are the responses of foragers to large scale patterns
simply the aggregate of many small decisions?
Alternatively, are those responses emergent — do
animals respond directly to all levels in a foraging
hierarchy? This question is vital for landscape ecol-
ogists, because answering it forces us to identify the
scales at which spatial heterogeneity has the greatest
impact on the way foragers function (Kolasa and
Rollo 1991). Our work suggests that when plants
are apparent to the herbivore and are embedded in
a matrix producing a high contrast (sensu Kotliar
and Wiens 1990) between sought after and rejected
plants, then we should expect that the foraging
movements of herbivores will be governed by local,
small scale patterns.

Developing faithful models of many ecosystems
depends in a fundamental way on understanding
the mechanisms that account for foraging paths
of large herbivores. However, studies of foraging
paths have most often focussed on invertebrates
(e.g., Pyke 1978, Hoffmann 1983, Kareiva and
Shigesada 1983, Turchin 1991, Winkelman and
Vinyard 1991, Crist ef al. 1992, Crist and Wiens
1994), and a few species of birds (Smith 1974, Zach
1976, Pyke 1981). Data from herbivorous mam-
mals are exceedingly rare (but see Ward and Saltz
1994).

In the absence of data, models that incorporate
foraging by large herbivores have employed several
different rules to determine animal movements. For
example, two recent models used directed move-
ment at a larger scale and then assumed random
searches within a smaller grid (Hyman ef al. 1991,
Turner et al. 1993), while another assumed a
nearest-neighbor rule for plants within a detection
distance, and a correlated random walk when there
were no nearby plants (Roese ef al. 1991). Observa-
tions of bighorn sheep clearly support the use of



nearest-neighbor rules for situations where plants
are within view, but further experiments will be
needed to determine search rules used over larger
scales, such as between patches that are visually
isolated.

It is essential to identify the rules that animals use
while foraging to develop and test individual-based
models that operate on large scales (Johnson ef al.
1992, Turner et al. 1993, Judson 1994). Simulations
of the boreal forest have shown that movement
rules used by moose affect the spatial pattern of
browse plants as well as the energetic status of the
moose (Moen ef al. 1993). As with our experiments,
non-random patterns of foraging increased net
feeding efficiency of animals. When forages are
abundant, the search rule employed by a herbivore
is probably unimportant, since encounter rate with
foods does not limit foraging efficiency (Spalinger
and Hobbs 1992, Gross ef a/. 1993a). However, as
food abundance declines, an herbivore’s ability to
efficiently locate and move between forages can
strongly affect the pattern of resource depletion
and ultimately, survival of the animal (e.g., Turner
et al. 1993).

4.2 Relevance to studies of foraging by vertebrates

Previous studies of foraging by vertebrates identi-
fied strategies that increase searching efficiency for
cryptic prey (e.g., Smith 1974, Zach and Falls 1976,
Speakman 1986). However, herbivores frequently
consume prey that can be seen from a relatively
long distance, thus rules that help reduce the length
of travel between plants are likely to be more im-
portant than rules used to search for cryptic prey.
When this situation prevails, our data show that the
use of a random walk rule is inappropriate simply
because it results in unrealistic estimates of travel
distances (Fig. 5, Folse et al. 1989). The alternative
rules we used in simulations yielded estimates of
foraging path distances that were quite similar and
were, in general, only slightly more efficient than
those resulting from a nearest-neighbor rule.

The search paths of various invertebrates are
relatively well documented (reviewed by Bell 1991),
but spatial movements of large herbivores have
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rarely been studied or analyzed. Ward and Saltz
(1994) found that gazelles feeding on lilies followed
a path that was far more systematic than a random
walk. Gazelle foraging paths were characterized by
a series of short moves, interspersed with occasion-
al long, straight moves to other forage ‘patches’.
Gazelles increased foraging efficiency by concen-
trating feeding efforts in patches with higher densi-
ties of lilies, and by moving between patches using
a direct path.

Our results demonstrate the value of evaluating
a spectrum of strategies that animals might use to
solve complex problems (Janetos and Cole 1981,
Ward 1992). The use of simple rules-of-thumb is
well established in economic theory, based pri-
marily on the rationale that accurate and complete
information is costly to acquire and time-con-
suming to analyze (Simon 1959, Janetos and Cole
1981). Foraging animals confront similar con-
straints (Dukas and Ellner 1993). It was possible to
solve the travelling salesman problem with the
number of plants used in our experiments, but the
number of routes that would need to be evaluated
using an optimized program would be > 1010,
Observations of bighorn sheep provide no indica-
tion that they can accomplish such an intellectual
feat, and it seems unlikely that the slight increase in
foraging efficiency from using a complex rule
would offset the additional time required to obtain
and process more complete information.

A central feature of our approach is that it allows
one to link the spatial distribution of foods to the
behavior of individuals. Ecologists have been reluc-
tant to build foraging models that specifically re-
spond to spatial heterogeneity despite the clear im-
portance of spatial pattern to foraging processes
(O’Neill et al. 1988, Kotliar and Wiens 1990, Milne
et al. 1992, Wiens ef al. 1993). Foraging models
have traditionally started by observing, for exam-
ple, the encounter rate of a feeding animal, rather
than by predicting encounter rate from the spatial
properties of the habitat. By building and testing
mechanistic models that predict the intake rate of
foraging herbivores over small times and distances
(Spalinger and Hobbs 1992, Gross ef al. 1993b) and
linking these to processes that occur over larger
scales, we gain insight to the response of foraging
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behavior to environmental conditions that change
over time and space.
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