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Summary 

1. The behaviour of ungulates foraging in non-patchy habitats is studied with the 
help of a new model of optimal foraging based on a time minimization utility function. 
The model predicts that an animal uses a foraging station only if the biomass exceeds 
a prescribed threshold level. Moreover, the forager does not consume all the available 
food but it gives up the station when food density reaches the threshold level. 
2. The assumptions of the model were tested using 36 foraging paths of adult female 
fallow deer (Duma duma L.) in two different study areas (one wild and one fenced) 
and seasons (summer and autumn, respectively). Despite the ecological differences 
between the two sites, the deer exhibited the same pattern of search behaviour which 
can be described as a first-order biased random walk. Neither herd seemed able to 
detect and exploit food patches. 
3. Partial consumption of food was regularly observed in both study areas. There is 
strong evidence that the fenced-in animals behaved in agreement with the model's 
prediction, abandoning the foraging stations when the biomass density fell below 10 
g mP2 of dry matter. On the other hand, the deer living in the wild exhibited a more 
variable foraging behaviour. 
4. The theoretical analysis shows that in comparison to the fenced-in deer those in 
the wild require more information to correctly evaluate the threshold level of their 
more heterogenous environment. 
5. It is argued that the foraging behaviour of fallow deer consists of two basic 
components: a random search for food coupled with a threshold in the selection of 
foraging stations. 

Key-words: fallow deer, food search, mathematical model, optimal foraging behav- 
iour. 
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Introduction 
erence is forbidden. Thresholds arise also in the analy- 
sis of optimal patch-residence time based on the mar- 

The predictions of optimal foraging models are often ginal value theorem (MVT) (Charnov 1976): the 
characterized by the existence of thresholds, i.e. by threshold is determined by the long-term average rate 
discontinuities in the behaviour of the animals deter- of foraging. Arditi & Dacorogna (1988) generalized 
mined by non-linear responses to resources. In his Charnov's (1976) predictions and showed that a thres- 
pivotal paper on the diet selection of herbivores, Wes- hold, at which foraging is given up, should exist 
toby (1974) noted that diet optimization, based on whatever the food distribution is. This prediction is 
linear programming models 'generates a non-linear valid for every strictly increasing functional response, 
relation between the content of an individual nutrient even if it is linear. 
in a food and animal preference for the food'. Another On the contrary, alternative theoretical approaches, 
instance of strong discontinuity in foraging behaviour e.g. satisficing (Myers 1983; Ward 1992) or hedy- 
is given by the zero-one rule predicted by standard phagia (see Provenza & Balph 1990 for a recent 
diet choice models (Stephens & Krebs 1986): a prey review), predict more gradual changes in foraging 
type is either always included in the diet or always behaviour. Even anatomo-physiological constraints 
rejected dependent upon its profitability, partial pref- are unlikely to predict thresholds. If diet choice in 
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ruminants depends on body size (Demment & Van 
Soest 1985) or on the structure of the digestive system 
(Hofmann 1989) we expect to observe a smooth gradi- 
ent of feeding styles rather than abrupt discontinuities. 

Actual behaviour, however, often does not fit the 
predictions of optimal foraging models. For instance, 
partial preference in diet choice seem to be more the 
rule than the exception (Illius & Gordon 1990, 1993). 
McNamara & Houston (1987) discuss possible expla- 
nations for partial preferences which may, or may not, 
be compatible with an optimality approach. 

When applied to ungulates, contingency models 
have exhibited poor predictive powers (Owen-Smith 
& Novellie 1982; Belovsky 1984; Owen-Smith 1993). 
In contrast, Belovsky (1978, 1984) claimed a high pre- 
dictive success for linear programming models. His 
conclusions have been contested by Hobbs (1990) and 
Owen-Smith (1993), who suggest that the success of 
linear programming models is serendipitous, i.e. that 
under certain circumstances wrong assumptions may 
yield good predictions. Serendipity may be detected 
from the data. For instance, Owen-Smith (1993) 
showed that a linear programming model may predict 
the average diet of the kudu but not variations within 
a short time scale (days or meals). Moreover, Huggard 
(1994) questioned the validity of statistics used in 
Belovski's model validation. Such criticism has been 
rejected by Belovsky (1994). 

There are some studies (Astrom, Lundberg & Banell 
1990; Jiang & Hudson 1993) that successfully explain 
patch exploitation by ungulates on the basis of the 
MVT. However, Focardi & Marcellini (1995) noted 
that the assumption of a patchy food distribution 
is generally not realistic for ungulates, which exploit 
common and often poor-quality food sources. Arditi 
& Dacorogna (1988 and related papers) have suc- 
cessfully modelled optimal foraging in the case of arbi- 
trary food distribution. Focardi & Marcellini (1995) 
studied the foraging ecology of ungulates using a 
model based on the minimization of total foraging 
time and excursion length and adopting more realistic 
constraints. The main assumptions of this model are 
that: (i) animals have some general knowledge of food 
distribution in their habitat but no specific knowledge 
of the position of favourable foraging stations; (ii) 
search and foraging are intermingled activities; and 
(iii) the search process is on a small spatial scale, i.e. 
there is no long-range detection of food items. The 
model predicts the existence of a critical biomass value 
(the threshold I)which separates selected and refused 
foraging stations. More precisely, if p(x) is the food 
density at point x, an animal will forage at x if and 
only if p(x) > 1,otherwise it will ignore the station if 
p(x) < 1.Foraging should stop when 1units of food 
remain in the foraging station. The threshold depends 
on the animal's functional response, its speed during 
displacement between foraging stations, maximal 
rumen content and length of the foraging path. 

The importance of using biologically valid assump- 

tions in modelling foraging processes is a general plea. 
Illius & Gordon (1990) wrote that 'the sordid details 
of the real world cannot be ignored, even by theor- 
eticians'. In general, optimal foraging models are 
based on the assumption of independent Poisson 
encounters with prey (Stephens & Krebs 1986) but 
search mechanisms may be more complex and such 
complexity may strongly modify foraging behaviour 
(McNair 1979; McNamara & Houston 1987). Spa- 
linger & Hobbs (1992) have shown that, on a small 
spatial scale, the interplay between searching, hand- 
ling and food density strongly influences the feeding 
rate of ungulates. Focardi & Marcellini (1995) 
accounted for such constraints in their model by 
adopting the formula proposed by Real (1979). On 
the other hand, long-range search mechanisms could 
be used by animals to exploit environmental het- 
erogeneities. For instance, foraging rate might 
increase if the animal is able to detect biomass gradi- 
ents in the environment, locate distant but more 
profitable food sources, or detect areas with a higher 
than average food biomass ('fuzzy patches'). Such 
searching strategies have to be based on suitable mech- 
anisms of orientation. Bovet & Benhamou (1988, 
1990) have developed a general framework upon 
which to model search behaviour. Basically, animal 
paths are represented by discrete steps of fixed length, 
whereas the orientation of a step with respect to the 
previous one (angular turn) is a stochastic variable. 
In many cases animals exhibit a biased random walk, 
i.e. the distribution of angular turns is unimodal and 
bell-shaped, with mean 0". These models allow us to 
study complex search mechanisms such as kinesis or 
taxis (see Fraenkel & Gunn (1961) for a classical treat- 
ment and Tranquillo & Alt (1990) for an updated 
review). Several observations suggest (Pyke 1978, 
1983) that animals increase the amount of turning 
following encounters with prey (area-restricted 
search). Klino- and ortho-kinesis might account for 
such behaviour: a scalar stimulus (e.g. food density) 
might influence the turning rate (positively) or the 
speed (negatively), respectively. A suitable statistical 
description of the amount of turning in a path is made 
possible by the definition of its sinuosity (Bovet & 
Benhamou 1988): 

eqn 1 

where a is the angular standard deviation of turning 
angles and d the mean step length. Animals can-
modulate path sinuosity in order to improve the 
efficiency of food search (Bovet & Benhamou 1991). 

We studied the foraging behaviour of female fallow 
deer in two different areas in order to obtain infor- 
mation which was less dependent on the local situ- 
ation. The structure of the habitats where the animals 
foraged is comparable in both sites (open pastures 
mainly composed of graminoids), an environment 
where a food patch is unlikely to occur (Illius & Gor-
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Optimalforaging areas is that one is a wild habitat with a very het- 
of ungulates erogenous food distribution while the other is a 

fenced-in zone with a much more even and 'artificial' 
food distribution pattern. 

The aims of this study on female fallow deer are to: 
(i) give a detailed description of the foraging paths; 
(ii) verify whether or not these deer exhibited area- 
restricted search behaviour; (iii) see if their foraging 
behaviour is characterized by partial food con-
sumption; (iv) discern to what extent search and for- 
aging behaviour are comparable in the two herds; and 
(v) verify whether or not our data are consistent with 
the existence of a food-biomass threshold. 

The analysis of foraging paths seemed particularly 
interesting as it has seldom been attempted with ungu- 
lates (Underwood 1983; Gillingham & Bunnell 1989) 
despite its being a possible source of important infor- 
mation. Moreover, the results of Focardi & Marcellini 
(1995) are strictly consistent only if animals move 
randomly. The assessment of whether or not food 
consumption is partial was deemed important because 
it has been described in other species (Illius & Gordon 
1990, 1993). 

Methods 

STUDY AREAS 

The study was carried out in two sites in Italy: on 
the Castelporziano Preserve near Rome, and on the 
Montepaldi Estate, near Florence. Castelporziano, 
one of the most important relict Mediterranean forests 
in Italy, has a surface area of 40 km2. Montepaldi, a 
fenced-in property, has a surface area of 0.52 km2. 

At Castelporziano observations were made from 14 
May 1992 to 29 September 1992 in a large open pas- 
ture with abundant graminoids (Lolium perenne L., 
Phleum pratense L., Anthoxanthum odoratum L., 
Avena barbata Potter, Lamarckia aurea Moenck and 
Stipa capensis Thunb.) exploited by about 60-80 fal-
low deer. 

At Montepaldi observations were made from 10 
October 1993 to 3 November 1993 in a meadow where 
the most important graminoids are Avena spp., Bra-
chypodium pinnatum Beauv., Bromus mollis (=hor-
deaceous) L., Bromus sterilis L., Cynodon dactylon L. 
and Dactylis glomerata L. with a population of 90 
deer. 

The two herds consisted mainly of does, fawns and 
yearlings. Only females older than one year were con- 
sidered: these are easily distinguished from the smaller 
fawns both in summer and autumn. 

In both areas the observer and the tracking device 
were concealed in a 5-m high seat. At Castelporziano 
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The tracking device consisted of an electronic com- 
pass, a telemeter with a precision of 1 m at 150 m and 
a videotape recorder camera (Focardi et al. 1994), 
which allowed a precise estimate of animal's position 
within a 150 m radius around the highseat. Within 
this range the position of the deer was recorded by 
measuring its distance from the observer and its azi- 
muth; the activity was videotaped and the amount of 
time devoted to different behaviours (foraging, 
moving, etc.) was measured at the next second from 
the films, using a stop watch. Animals used the pas- 
tures mostly to forage at twilight, while for other 
activities (e.g. ruminating) they preferred to shelter in 
the wood. We use the foraging time within each for- 
aging station as a proxy for the amount of harvested 
food. Foraging time is given by the time necessary for 
cropping and processing food (Spalinger & Hobbs 
1992); these authors have shown that (under con- 
ditions of high density of food) the intake rate 
becomes constant and the mass of ingested food is 
directly proportional to the foraging time as defined 
above. 

The position of all accepted foraging stations (AS) 
and of most of the refused foraging stations (RS) was 
established with the help of coordinates, field tracks 
and external reference cues pinpointed by the video- 
tape. A foraging station was considered refused when 
the animals, keeping their head down, looked at, but 
did not eat, the vegetation. This posture clearly differs 
from that when they are either on the alert, harassed 
by flies or scanning the surroundings. There was some 
uncertainty in determining the occurrence of refused 
stations; however, these were not crucial to test our 
model as only data regarding the accepted stations 
were used. 

The model's predictions are based not on the har- 
vested biomass but on that left in the foraging station 
after the passage of the animal. The biomass of gra- 
minoids at each station was estimated by the point 
intercept method (Jonasson 1988; Focardi, Mon-
tanaro & Tinelli 1994) at Castelporziano and by mow- 
ing at Montepaldi. The point-intercept method is an 
efficient, non-destructive, method for estimating veg- 
etation biomass but, to obtain more precise data, in 
the second part of the study the residual biomass was 
mown, oven-dried and weighed. In both methods I 
m2 was sampled giving a yield of dry mass per mZ. 
Because the size of the foraging station is arbitrary 
and reflects our inability to detect animals movements 
smaller that 1 m, at Montepaldi we tested whether the 
size of the station might have influenced the results by 
comparing the biomass density at the centre of the 
square-0.25 m2 (0.5 x 0.5 m)-with the rest of the 
sample (0.75 mZ): no significant differences was found 
(Wilcoxon test z = -0.5, P > 0.05). 

Because the probability of recording foraging paths 
at Castelporziano was relatively low, the observations 
lasted for about 4.5 months. The summer period is 
characterized by an almost complete absence of rain- 
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a point x, the dynamics of food consumption were 
evaluated in terms of the animal's functional response 
@, i s .  its velocity of food acquisition. Let z be the 
foraging time that the animal spends at a point x to 
acquire food and 6 the density of food eaten at x; then 
the velocity of food acquisition at x is the derivative 
d6ldz of 6 with respect to z; therefore we have 

eqn 2 

where p -6 is the density of remaining food. 
As a principal example we consider the functional 

response proposed by Real (1979), and given by 

eqn 3 

for some positive constants k and b, where 5 = p -6. 
Equation 3 is a special case of Real's functional 
response, the general case having been considered in 
Focardi & Marcellini (1995). 

We can solve the ordinary differential equation 2 
together with the (initial) condition that, if the animal 
does not eat at the point x (i.e. 6 = O), then at x it 
does not spend time acquiring food (z = 0). Moreover, 
the time used by the animal to move and to search for 
food must also be taken into account; we assume 
that it moves with constant velocity V,. With some 
computations, the total time to search and gather food 
is given by 

eqn 4 

Denoting by v(x) the amount of food gathered by 
the animal up to point x, we have v(0) = 0 and 
v(1) = A, where A is the rumen content, i.e. the 
maximum amount of food which can be eaten by the 
animal during a meal. Thus, v is related to 6 (density 
of consumed food) by the condition 

eqn 5 

The mathematical model is based on the min- 
imization of the total time used by the animal to search 
for and gather food. By equations 4 and 5 the total 
time to acquire food and moving is 

eqn 6 
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to be minimized with respect to the variables v and I. 
Since 0 < 6 < p and 6 = v', the constraints to satisfy 
are 

{v:v(O) = 0, v(1) = A, 0 < vf(x) < p(x), V x~[O,l]), 

eqn 7 

eqn 8 

the second one being imposed by the assumption that 
during the excursion the animal finds all the food it 
need. 

Focardi & Marcellini (1995) proved that there is a 
threshold 1,i.e. a positive number with the properties 
that, at every point x of the foraging path, where food 
density is less than or equal to the threshold value, i.e. 
p(x) < 1, the animal does not eat [v'(x) = 01; 
conversely, if food density is greater than the thres- 
hold, i.e. p(x) > 1,then the animal forages at x and 
eats exactly p(x)-l units of food [i.e. 
v'(x) = p(x)-A]. Note that the existence of a fixed 
threshold is a general feature of the optimization pro- 
cess and does not depend on the specific functional 
response a([). 

Results 

FORAGING PATHS 

Qualitative aspects 

A total of 21 and 15 foraging paths were collected at 
Castelporziano and Montepaldi, respectively. A selec- 
tion of eight out of the 36 recorded paths is shown in 
Figs la-d. The display of the qualitative features of 
the foraging paths of deer may be useful to better 
understand the subsequent quantitative analysis. At 
first glance the paths from the same habitat seem quite 
different, despite the deer being of the same age and 
sex, but closer inspection reveals several similarities. 
Most of the paths are characterized by a large number 
of foraging stations, where the animals remain for a 
short period of time; only once did the deer appear to 
forage on a large food patch (Fig. la). Both linear 
displacements (Fig. 1b) and sinuous paths (Fig. lc) 
have been recorded; the deer seldom loop (Fig. Id). 

The mean sinuosity for all paths (eqn 1) was 0.8 rad 
m-0.5 at Montepaldi, 0.6 and 0.4 for high seats No. 3 
and No. 4 at Castelporziano, respectively. Sinuosity 
was significantly larger at Montepaldi than at Cas- 
telporziano (Wilcoxon test z= 2.8, P < 0.01) but ifwe 
compare Montepaldi with area No. 3 this difference 
vanishes (Wilcoxon test z = - 1.8, P < 0.05) and 
there is no significant difference between high seats 
No. 3 and No. 4 at Castelporziano (Wilcoxon test 
z = -1.8, P > 0.05). 

Orientation of the foraging exclusions 

The global distribution of the angular turns is showed 
in Fig. 2a,b. The frequency distribution of turns is 
non-uniform (Rayleigh test: Castelporziano, z = 33.0, 
P < 0.001; Montepaldi, z = 7.0, P < 0.001) and their 
resultant vector is significantly oriented at O°C (V-test: 
Castelporziano, U = 8.1, P < 0,0001; Montepaldi, 
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Fig. 1. Foraging paths of fallow deer. The surface area of the black circles if proportional to the foraging time at each selected 
station. Open squares represent refused foraging stations, where the deer search for food but do not forage. Coordinates are 
in meters. The high seat represents the origin of the coordinates and the positive x axis the direction of magnetic north. Initial 
and final time of observation are displayed. 

U = 3.7, P < 0.001). The second order distribution is 
non-uniform at Castelporziano and uniform at Mon-
tepaldi (Rayleigh test: z = 4.5, P < 0.01 and z = 1.1, 
P > 0.05, respectively);the former distribution is also 
significantlyoriented at 0" (V-test, U = 3.0, P < 0.05). 
The intra-individual scattering of turns is wide and 
only a few deer exhibit significantly oriented angular 
distributions (at 0'). There are no significant differ-
ences between the two study areas, either for global 
(xf2= 18.8, P > 0.05) or second-order distributions 
(Watson U2test: @ = 0.07, P > 0.05). 

A comparison of global and second-order dis-
tributions within each area suggests that the latter 
distributions are less variable than the former at both 
Castelporziano (F1g7= 3.6, P < 0.01) and Mon-
tepaldi (F;:' = 7.43, P < 0.001). If we compare the 
two study areas we find the same variability for global 
distributions (F;;; = 1.7, P > 0.05) while the second 
order distribution at Castelporziano is more dispersed 
(F;: = 3.5, P < 0.01). 

Searching behaviour 

Because the autocorrelation function (ACF)
Foraging time 

coefficients for turns (Kruskal-Wallis ANOVA 

The distributions of foraging time are reported in Fig. x2= 0.05, P > 0.05) and displacements (Kruskal-

01996 British 3a,b. The medians of the two global distributions are Wallis ANOVA x2 = 0.22, P > 0.05) and their cross-

EcologicalSociety, not significantly different (Wilcoxon test z = -1.8, correlation function (CCF) (Kruskal-Wallis ANOVA 

Journal of Animal P > 0.05). The same holds for the distributions of the x2 = 1.6, P > 0.05) are identical in the two study 
Ecology, 65,606-620 individual means ( z  = -0.25, P > 0.05). areas, the data for the following analysis were pooled. 
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(a) Castelporziano 

(b) Montepaldi 

Fig. 2. Angular distribution of turns. Dots represent the 
resultant angle of each individual's path. Black dots represent 
individual distributions which are significantly oriented at  
O". Open dots refers to randomly oriented individual dis- 
tributions. Inner and outer arrows are the resultant direction 
for global and second-order distributions, respectively. See 
text for details. 

30 1 (a) Castelporziano 

n, n =I79 

. 

Fig. 3. Distribution of foraging times. Open histograms are 
the arrow displays the value of the second-order mean. 

The plots of the ACF coefficients of vector V(t) (Fig. 
4a,b) show that (i) there is no significant correlation 
for turns or distance in most of the deer; (ii) there is 
no variation in the second-order mean r values as a 
function of the step; and (iii) the correlation coefficient 
for each step is zero (note that zero is included within 
two standard error limits). 

However the CCF of turns with displacements is 
significantly positive for several deer (Fig. 4c), i.e. long 
displacements are correlated with large turns (around 
180"): a deer tends to come back if, in some previous 
step, its movement was characterized by a long dis- 
placement; this mechanism reduces the probability of 
leaving the habitat. During foraging long dis-
placements may occur if, for instance, the animal has 
been disturbed. 

Area-restricted search 

Deer exhibiting area-restricted search should move in 
such a way as to increase the probability of remaining 
within an area where they have encountered a high 
density of food. To remain within a patch an animal 
should increase the sinuosity of its path according to 
the attraction of the patch itself. Thus, negative cross- 
correlation coefficients should appear between time 
and displacement and positive ones between time and 
turns (Fig. 5a,b). Only one individual exhibited a sig- 
nificant correlation of time with turns. There is a small 
bias in the observed r values and the second-order 
estimation is significantly larger than zero. There is a 
large dispersion of the individual correlation 

.. 

(b) Montepaldi 

25 

20 

15 

10 

5 

n 
10 30 50 70 90 110 130 150 170 190 

Time (s) 
global distributions, black dots represent first-order means and 
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1.0 
o,8 (b) Displacements1 

r = -0.04 

''1 (c) Angular turns and displacements 

Step 

Fig. 4. Autocorrelation function (ACF) of turns. The continuous black line represents the regression of individual correlation 
coefficients with step (refer to statistics in figure). Dashed lines are the upper and lower two standard errors of the regression 
line. (b) ACF of displacements. (c) Cross-correlation function of turns and displacements. Dots represent the individual (first- 
order) correlation coefficients: black dots indicate a significant correlation (P < 0.05), open dots a non-significant one. 

coefficients for displacement and the second-order r vious one (thus without taking into account the actual 
mean is not significantly different from zero. path followed by the animal). The bivariate dis-

tribution is reported in Fig. 6. The centres of the two 
ellipses are not significantly different (Hotelling T"FOOD DISTRIBUTION A N D  DENSITY 
test: T:,,,, = 4.8, P > 0.05); however, the distribution 

Spatial distribution qfforaging stations at Castelporziano is clearly more dispersed than the 

The pattern of food distribution in both areas was one at Montepaldi so that the mean distance between 

obtained by computing the orientated vector con- foraging stations is larger in the former area (global 

necting each selected foraging station with the pre- mean: 6.1 m and 3.8 m, respectively). Both global 
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1 (a) Angular turns and time 

Step 

L 
0.--m 

Fig. 5. Cross-correlation functions of (a) turns and (b) displacements with foraging time. Other symbols at in Fig. 4. 

-
g 1.0. 

8 
0.8 

0.6 -

(x2= 14.5, P < 0.01) and second-order (Wilcoxon two, while the R and S samples do not differ (Schifft: 
test: z = -2.02, P < 0.05) distributions are different test, P < 0.05). A certain amount of vegetal biomass 
in the two study areas. is always present, i.e. the R and S distributions both 

differ significantly from zero (no vegetation) even at 

(b) Displacements and time 

r = 0.146 o 

Biomass 
the poorest R stations at Montepaldi ( t  = 12.5, 
P < 0~0001). 

A comparison (Fig. 7) of the dry matter distribution The differences between the mean values of C and 
in refused, selected and control foraging stations S distributions can be used to estimate the average 
shows (i) a greater variability of the control stations yield of a selected foraging station (11.3g DM m-2 at 
at Castelporziano than at Montepaldi, and (ii) that Castelporziano and 7.5 g DM rn-' at Montepaldi). 
the distribution of the selected foraging stations at With respect to these values the amount of food 
Castelporziano is characterized by a large number of remaining in the AS is larger (20.8 g DM m-2 at 
upper outliers (i.e. of biomass values which exceed the Castelporziano and 10.3 g DM m-* at Montepaldi). 
median of, at least, two interquartile ranges). The 
biomass appears to be more evenly distributed at 

Do deer respond to biomass threshold?
Montepaldi than the Castelporziano. 

All the biomass distributions (except the R one at Our model predicts that each deer should ignore a 
Montepaldi) are non-normal (P  < 0.01). After data foraging station when the available biomass is equal 
transformation, a two-way nested ANOVA showed that or lower than a threshold /Z and that the residual 

(c) 1996 British both area (F,,, = 538, P < 0.001) and station type biomass should be identical at each station. Of course, 

Ecological Society, (F:,, = 29.4, P < 0.001) are highly significant. All under natural conditions it is impossible to observe if 

Journa/ofAninza/ three groups differ at Montepaldi while at Ca- residual biomasses are perfectly equal: for instance, 
Ecology, 65,606-620 stelporziano the control group differs form the other both the process of food handling (bites are discrete) 



615 
S. Focardi, 
P. Marcellini & 
P. Montanaro 

Metres 
Fig. 6. Fiducial ellipses (99%) representing the bivariate distribution of coordinates of each selected foraging station with 
respect to the previous one, for Castelporziano (continuous line, black triangles) and Montepaldi (dashed line, open triangles). 
The oriented vector joining the origin of the axes to each point represents the polar coordinates of a foraging station with 
respect to the previous one. 

R S C R S C 

01996 British Castelporziano Montepaldi 

Ecological Society, Fig. 7. Box-and-whisker plots of biomass value for refused foraging stations (R), selected foraging stations (S) and control 
Journal of Animal stations (C). Crosses indicate the mean values and horizontal bars the median values of the distribution. The size of the box 
Ecology, 65, 606-620 is two interquartile ranges. Stars represent the value of distribution outliers. 



616 and the methods used to estimate the biomass intro- 
Optiwuljbraging 	 duce errors in the measurement. However, if the S 
of ungulates 	 distributions (cf. Fig. 7) are considered without out- 

liers (Fig. 8a,c) the range of variation-especially of 
the first-order means-is very small. At Montepaldi 
the distribution is heavily concentrated around the 
average into two classes of 5 g D M  m-'; a t  Ca- 
stelporziano the situation is similar but both the global 
and the second-order distributions are much more 
variable than at Montepaldi (Fi:: = 1.9, P < 0.001; 
Fi: = 57.5, P < 0.001, respectively). A comparison of 
the variances of global and second-order distributions 
shows that individual distributions are the least vari- 
able in both areas (Castelporziano: FfiO= 3.5, 
P < 0.01; Montepaldi: F;i0= 12.1, P < 0.001). An 
interesting feature of both S distributions is that they 
are sharply interrupted on their left tail. 

In order to explain the greater variability observed 
at  Castelporziano we checked the sources of variation 
(spotting seat, month and herd size) which were not 
present a t  Montepaldi. The high seats yielded no sig- 

(a) 	 Castelporziano 

I 
(n=171) 

2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 a, 
0) 
a 
C 

Dry matter (g m-') 

Montepaldi 
(n=171) 

2.5 7 .5  12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 

Dry matter (g m-2) 

nificant effect (ANOVA, F16j= 1.44, P > 0.05) while 
herd size and month proved to have a significant 
influence on the animals' behaviour (ANOVA, 
F;',, = 2.8, P < 0.05; F:,, = 5.2,P < 0.01). However, 
most of the variance (18.4%) is explained by differ- 
ences among individuals which are independent of the 
high seat, herd size and month (ANOVA, Fiz, = 4.5, 
P < 0,001). Despite these significant effects, the global 
model explains only 30.5% of the global variance; this 
probably means that other undetected factors influ- 
ences the selection of food by fallow deer. On the 
contrary, a t  Montepaldi the biomass of the selected 
stations is the same for all individuals (Kruskal-Wallis 
ANOVA x : ~= 11.3, P > 0.05). 

To  remove the inter-individual variability, the aver- 
age residual biomass, q, was computed and for each 
AS of biomass y(x), we computed the variable 
z = q ( x ) - q .  For a fixed biomass threshold, the 2 

values are expected to be zero). At Montepaldi (Fig. 
8d) 85% of the values are equal to zero (k2.5 g D M  
m-'); a t  Castelporziano (Fig. 8b) the distribution is 

c 1996 British Fig. 8. Biomass distribution in selected foraging stations (without outliers) at (a) Castelporziano and (c) Montepaldi. The 
Ecological Society, biomass values normalized with respect to the individual mean are given for (b) Castelporziano and (d) Montepaldi. Open 
Journal of Anlmal histograms are global distributions, black dots represent first-order means and the arrow displays the value of the second- 
Ecolog~ 65. 6 0 6 6 2 0  order mean. 
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more dispersed, but about 85% of the values lie in the 
range of f7.5 g DM mp2 around 0. 

Can deer estimate the biomass threshold? 

The amount of information necessary for an animal 
to estimate the optimal policy clearly depends on the 
complexity and variability of the foraging environ- 
ment. The 'true' optimal threshold was computed 
using the actual distribution of food (i.e. the C dis- 
tributions of Fig. 7) observed in our study areas 
(Look-up Tables, LUT). It was compared with the 
approximate solutions obtained using (i) mean value 
of distributions (M), and (ii) mean values and stan- 
dard deviations (MSD). The other parameters of the 
model, A and Vo,were experimentally estimated; the 
mean body weight is the same in both areas (46.8 and 
46.6 kg at Castelporziano and Montepaldi cor-
responding to a rumen content of about 1500 and 
1350 g of dry matter, respectively (Focardi, Poli & 
Tinelli 1995). Even Vois identical in the two areas (2 
and 1.9 m sp'  at Castelporziano and Montepaldi, 
respectively, Kruskal-Wallis ANOVA x2 = 2.4, 
P > 0.05). Because the functional response of fallow 
deer is unknown, we assume b = k = 1. At Cas-
telporziano the LUT value is 15.9 g DM mp2 versus 
a M value of 13.5 g DM mp2 and a MSD value of 16 g 
DM mp2. At Montepaldi the three values were 7.5, 
8 and 7.5 g DM mp2, respectively. Clearly the amount 
of information necessary for deer to forage optimally 
is lower at Montepaldi than at Castelporziano, where 
the M estimate yields only a poor approximation of 
the actual value. 

Discussion 

The methodology used for this study of ungulate for- 
aging behaviour includes several innovations. The 
analysis of field data is embedded in the framework 
of a new model of optimal foraging (Focardi & Mar-
cellini 1995), which shifts the focus of analysis from 
the long-term processes characterizing most previous 
studies on diet choice in ungulates to the short-term 
assessment of individual behaviour. Several studies of 
this kind are present in the literature but have been 
usually performed on tame animals under controlled 
conditions (e.g. Gillingham & Bunnell 1989; Ginnett 
& Demment 1995), whereas our method of data col- 
lection allowed us to monitor animals living under 
natural conditions, provided that the food dis-
tribution in the environment is assessed. 

Search behaviour 

The predictions of optimal foraging models depend 
critically upon the assumed search strategy; the model 
presented here is consistent with a random movement 
pattern. Statistical analysis based on the auto- and 
cross-correlation functions (Alt 1990 and references 

therein) have seldom been applied and, if so, usually 
to unicellular organisms or invertebrates. 

Despite the differences in both the history of the 
two populations and their environment, as well as in 
the management practices and seasons when the study 
was performed in each area, the search and foraging 
behaviour of the deer appear to be very similar and 
sterotyped. 

The movement of the deer can be described as a 
biased random walk without complex search mech- 
anisms. Such a movement pattern is probably the 
simplest to be expected in such an animal. However, 
its simplicity is justified by the fact that the exploited 
food is very common and of relatively poor nutritive 
value, so that the adoption of more complex search 
mechanisms is probably unnecessary. According to 
Poli et a/ .  (in press) the mean yield of a foraging station 
at Castelporziano, in terms of metabolizable energy, is 
17.6 Kcal, i.e. about 1/200 of the per-day consumption 
(3500 Kcal) of a fallow deer (Hartfiel 1990). It would 
be interesting to apply a similar analysis to more selec- 
tive foragers, specializing on less common food items 
of higher quality. 

Effect of the study area 

The comparison of deer behaviour in the two study 
areas has also shown that marked differences in ecol- 
ogy and management have a limited effect on the 
foraging behaviour of female fallow deer. The larger 
path sinuosity at Montepaldi might depend on the 
smaller size of this estate, however, the difference is 
relatively small. Even the physiological parameters 
are quite similar in the two study areas. The greatest 
differences between Castelporziano and Montepaldi 
concern the pattern of food density and distribution. 
The wilder habitat of Castelporziano results in a larger 
variability of food distribution than at Montepaldi. 
The Montepaldi environment is more predictable than 
that at Castelporziano and, in fact, the variability of 
the biomass threshold estimate is larger at Cas-
telporziano than at Montepaldi. Probably the small- 
ness of the Montepaldi estimate enables the deer to 
acquire a better knowledge of food availability than 
at Castelporziano where they range over a much larger 
surface area and, consequently, may have less detailed 
knowledge of the available habitats. 

Probably fallow deer may increase or decrease the 
sinuosity of their paths in order, respectively, to 
remain in the selected habitat long enough to forage, 
or reduce the probability of returning to previously 
exploited foraging stations. 

Test of' model predictions 

This study has shown that female fallow deer do not 
perceive patches, so that the assumption of a patchy 
food distribution is unrealistic. Thus, the use of 
Focardi & Marcellini's (1995) modelling approach is 
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Optimal foraging Value Theorem (Charnov 1976). Our model differs in 
of' ungulates that the animal evaluates the threshold on a very small 

scale and need not be aware of any patch; clearly if 
food is clumped the observer may have the impression 
that the forager 'invents' the patch (Kacelnik & 
Bernstein 1988). 

In both areas the deer clearly and systematically 
left some food in the selected foraging stations, as 
predicted by our model. Various other factors could 
explain such pattern; for instance, the existence of 
qualitative differences among plants within a foraging 
station or the necessity of sampling food to track 
environmental variations. However, such factors are 
probably not important in our study areas since the 
food consumed by the deer is relatively homogeneous 
and it is not easy to discriminate among grass leaves 
within the same foraging location, even if a certain 
amount of clumping of the different species of forage 
can also occur. On the other hand, the many outliers 
characterizing the distribution of the selected foraging 
stations at Castelporziano (cf. Fig. 7) could represent 
situations where graminoids are especially unpleasant 
to deer. Unfortunately, we are unable to test this 
hypothesis as the food which remained at the selected 
foraging stations was not analysed for chemical com- 
position. It is worth noting that at Montepaldi, where 
the conditions of the meadow are much more regular, 
very few outliers were found. A clear demonstration 
of partial food consumption in moose was given by 
Astrom et a/ .  (1990). 

While the existence of partial food consumption 
may be explained in different ways, the existence of a 
fixed biomass threshold may only be explained by a 
model of optimal foraging. Our results suggest that 
all selected foraging stations have a very similar level 
of residual biomass at least at Montepaldi, while the 
evidence for Castelporziano is less clear. In the former 
study area the definition of the threshold appears to 
be almost a deterministic process. The presence of a 
sharp threshold which determines abandonment of 
the foraging station was clearly shown by Jiang & 
Hudson's (1993) study on wapiti. 

Our study shows that, in both areas, knowledge 
of the average and standard deviation of the food 
distribution allows an animal to correctly estimate the 
biomass threshold. It is well known that many for- 
agers are sensitive to both the mean and the variance 
of food distribution (Stephens & Krebs 1986). 
However, it is not clear how well ungulates are able 
to estimate such parameters. Gillingham & Bunnell 
(1989) showed that black-tailed deer can memorize 
a training food distribution, Vivis & Saether (1987) 
showed that moose can estimate food density and 
Langvatn & Hanley (1993) found that red deer can 

01996 British discriminate among patches on the basis of quality 

Ecological Sokiety, and quantity of food. The between-area qualitative 

Journal of Animal differences observed in the threshold behaviour of fal- 
Ecology, 65,606620 low deer might be explained by the fact that in order 

to evaluate the correct threshold value more infor- 
mation is necessary at Castelporziano than at Mon- 
tepaldi. 

In short, this study suggests that the spatial and 
temporal dynamics of foraging are determined by a 
combination of a stereotyped search pattern and the 
adoption of an optimal threshold. 

Further studies 

This analysis is clearly not final proof that fallow deer 
forage optimally. Stronger support would be given by 
a quantitative prediction of the threshold value. To 
do so it would be necessary to estimate the functional 
response of fallow deer. Information on the functional 
response of ungulates is scarce; however, the theor- 
etical studies of Spalinger & Hobbs (1992) and 
Focardi & Marcellini (1995) show that the functional 
response is of fundamental importance in analysing 
the foraging behaviour of these animals. Moreover, 
the same animals should be tested under different 
environmental conditions (for instance in different 
seasons or habitats). 

Focardi & Marcellini's (1995) model addresses only 
the allocation of foraging effort in space and time, but 
not the diet choice of the animals (cf. Hughes 1993). 
We purposely avoided such a complication by observ- 
ing deer grazing on one category of food, but clearly 
a model including both aspects could be very impor- 
tant for interpreting the foraging behaviour of wild 
ruminants. Owen-Smith (1993) suggested that 
dynamic optimization (Lucan & Schmid-Hempel 
1988) may cope with such a problem. We are trying 
to extend the theoretical approach used in the present 
paper to investigate diet choice. 
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Appendix 

Mathematical notations 

Variable Definition 

Threshold in the acquisition of food, i.e. the critical density of food 
Position of a generic point in the excursion 
Food density at a generic point x 
Path sinuosity 
Angular standard deviation 
Mean step length 
Time 
Cartesian coordinates of animal position 
Displacement vector with elements (cc,, dl) 
Mean turning angle 
Length of resultant vector or correlation coefficient 
Position of the final excursion point and length of the excursion path 
Foraging time per unit length, i.e. time spent at x to acquire food 
Density of acquisition of food at x 
Density of remaining food 
Functional response, equal to the velocity of food acquisition 
Parameter 
Parameter 
Velocity of the animal at x 
Total time to acquire food and to move 
Amount of food gathered up to the point x 
Total amount of food gathered, i.e. maximum gut content 
Residual biomass at AS 
Mean residual biomass 

Dimensions 

mass length -' 

length 

mass length-' 

angle length-"' 

angle 

length 

time 

length 

angle, length 

angle 

adimensional 

length 

time length-' 

mass length-' 

mass length-' 

mass time-' 

mass time-' 

mass length-' 

length time-' 

time 

mass 

mass 

mass length-' 

mass length -' 
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