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A B S T R A C T

How animals use food resources according to their relative availability is essential for our understanding and
predictions of ecosystem interaction. Non-linear functions between use and availability are described with the
feeding functional response, a key tool to describe such functions that is still poorly understood in some cases. For
example, in species with a marked sexual size dimorphism it is not clear how such non-linear functions differ
between males and females. Here, we used likelihood methods and model selection to model non-linear functions
in legume use by male and female great bustards (Otis tarda) based on diet composition data from droppings. The
great bustard shows the highest sexual size dimorphism among birds, and it has opportunistic and generalist
foraging habits, with a strong selection for legumes. Simple functional-response models described the proportion of
legumes in great bustard droppings as a non-linear function of legume availability. Functional response type II
fitted to data better than type III in autumn and winter, whereas in spring, type III was the best-fitted model,
describing a dietary switch of great bustards feeding on legumes. The best-fitted functional response included an
effect of sex in the asymptote of the curve; the female diet included a higher proportion of legumes than the male
diet, suggesting a possible effect of sexual size dimorphism. We concluded that great bustards behaved as op-
portunistic foragers, whose sexual size dimorphism might play a role in the functional response to legumes.

1. Introduction

Selection of resources is a fundamental issue in animal ecology.
Studies of resource selection often yield resource rankings, assuming
that the relative use of each resource is directly proportional to its re-
lative availability. Nonetheless, the shape of this relationship is far from
obvious (Holling, 1965; Jeschke et al., 2002). When a resource is
scarce, its proportional use may be lower than its proportional avail-
ability, while the opposite may occur when the resource is abundant.
Hence, relative resource use may be conditional to relative availability
and yield functional responses describing resource selection based on
relative availability. Functional responses are often studied at the level
of individual decisions measuring intake or encounter rates (see review
by Searle et al., 2005), bite or chew rates (see review by Shipley, 2007),
or habitat selection descriptors (Mysterud and Ims, 1998). Recent stu-
dies extend this approach and use functional responses as a tool to
describe selection of a resource according to changes in its availability
(Delibes-Mateos et al., 2008; Moleón et al., 2012; Palma et al., 2006;
Smout et al., 2014; Wam and Hjeljord, 2010). The functional response
of foragers to resource availability is a key element to understand the
biological requirements of the species and to predict how habitat

changes affect the forager plasticity to exploit different resources
(Bjørneraas et al., 2012; Rosenzweig, 1981; Schoener, 1971; Stephens
and Krebs, 1986; White, 1983).

Holling (1959) described three basic forms of functional responses
based on ingestion rate. Type I illustrates a linear relationship between
consumption rate and food density up to a threshold, above which the
consumption rate is constant. Type II curves show a rapid increase in
the consumption of a prey item at low availability approaching an
asymptote at high availability. Type II curves are characteristic of
specialist foragers, who feed on discrete prey items (e.g., Nolet et al.,
2002; Van Gils et al., 2007). A functional response may be sigmoid
(type III) in organisms that do not feed on a given prey when its
availability is below a minimum density. Responses similar to type III
have also been described when an individual switches diet preferences
(“switching”; Begon et al., 2005). For example, guppies feeding on tu-
bificids and fruit-flies take a disproportionate amount of whichever
prey type is more available (Hughes and Croy, 1993; Murdoch et al.,
1975). Therefore it is also plausible that a dietary switch underlies a
type III functional response (Begon et al., 2005).

Although functional responses have been extensively studied, studies
that use functional responses as descriptors of diet selection have been
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mainly restricted to non-herbivorous species (Bartel and Knowlton, 2005;
Delibes-Mateos et al., 2008; Hellström et al., 2014; Moleón et al., 2012;
Palma et al., 2006; Smout et al., 2014; Wam and Hjeljord, 2010). In this
study, we investigated the relationships between legume availability and
its contribution to diet composition in great bustards (‘dietary functional
responses'; Wam and Hjeljord, 2010), and the interactions of these re-
lationships with sex. Studies of diet selection in herbivorous birds have
detected dietary preferences based on nutrient contents, usually proteins
(Hassall and Lane, 2005; Sedinger, 1997). Great bustards have been
described as opportunistic and generalist foragers with a strong selection
for legumes (Lane et al., 1999), which are plants with high protein and
low fibre contents (Ritchie and Tilman, 1995). The high prevalence of
legumes in the great bustard diet in Spain (Bravo et al., 2016; Lane et al.,
1999) allowed us to explore the dietary functional response to increases
in legume availability, and calculate the inflection threshold in legume
availability above which the percentage of legume in the diet would be
50% of the maximum percentage (i.e., half-saturation constant). In
central Spain, many cultivated legumes are sown in autumn, their
availability increases therefore throughout the winter and spring. Con-
sequently, it is expected that functional response may change seasonally.
As a consequence of this strong selection for legumes by great bustards,
their consumption could increase rapidly at very low legume availability,
and therefore it is expected that type II functional response could fit the
observed consumption better than type III. However, we hypothesized
that the steepness of the functional response would decrease as legume
availability increases from autumn to spring. In spring, other food ele-
ments (arthropods, weeds) are abundant, allowing great bustards to
switch from legumes to other food types, showing a “generalist selection
of resources” (sensu MacArthur and Pianka, 1966). Therefore, it is likely
that the type III functional response in spring fits better than type II.

Great bustards show the highest sexual size dimorphism among birds,
with males weighing 2.44 times more than females (Alonso et al., 2009).
Adult birds live in sexually segregated flocks, which suggests a possible role
of niche specialization in the evolution of their sexual size dimorphism
(Bravo et al., 2016; Ruckstuhl and Neuhaus, 2005). Body size has been
suggested to be an essential factor conditioning the food choice and fora-
ging strategy (Mini, 2012; Ouellet et al., 2013; Van Gils et al., 2005). The
Jarman-Bell principle suggests that, among herbivorous animals, differ-
ences in diet composition are based on metabolic rate scales allometrically
with body mass (Bell, 1970; Jarman, 1974), predicting that bigger in-
dividuals accept diets with lower quality than smaller ones (Du Toit, 2006).
A previous study of sexual differences in the diet of great bustards pointed
out that females show a less diverse diet and higher legume consumption
than males as a consequence of the sexual size dimorphism (Bravo et al.,
2016). Therefore, based on the marked sexual size dimorphism in the Great
Bustard, it is expected that the best-fitted functional response includes a sex
effect in both parameters of the functional response: i) the maximum
percentage of legumes in the diet (asymptote, a parameter) and ii) steep-
ness of the curve as a degree of selection (half-saturation, b parameter,
Appendix A). The Jarman-Bell principle applied to great bustards suggests
that females show higher selection of high quality food, such as legumes, as
a result of their smaller body size, so we made the following predictions.
Firstly, we predicted a greater percentage of legume plants (i.e., high
quality food) in the female diet than in the male diet when legume avail-
ability is sufficient. Therefore, the asymptote of the curve (maximum
percentage in legumes) is expected to be different between male and fe-
male regardless of the type of functional response, either type II or type III.
And secondly, although a type II functional response is expected as a
consequence of the strong selection by legumes, the functional response
might change seasonally and females might show a steeper function than
males, with a smaller threshold of legume availability. In this study, we aim
to analyze which is the best-fitted functional response to describe the le-
gume proportion in the diet of great bustards according to its availability.
Given its high sexual size dimorphism we also examined sexual differences
in functional response seasonally. The functional analysis should provide
valuable management information on the great bustard's response to

varying legume availability in their home-range area. The great bustard is a
globally threatened species, considered in many areas of its distribution
range as “vulnerable” (IUCN threat level). Agriculture intensification and
habitat fragmentation are pervasive threats to great bustard conservation
(Alonso and Palacín, 2009). Agri-environmental schemes implemented to
enhance Great bustard conservation in Europe usually include production
of legumes, but the relationship between the consumption of legumes and
their availability has not been studied.

2. Material and methods

2.1. Study area

The fieldwork was conducted in central Spain, where a population of
c. 1500 great bustards has been intensively studied through the last two
decades (Martín et al., 2012). The area is cultivated with cereals (>80%
of the surface: wheat Triticum aestivum and barley Hordeum vulgare). Most
cereal is grown in a traditional two-year rotation system. It is sown be-
tween October (long-cycle crop) and December (short-cycle crop) and
harvested in late June-early July. Sheep grazing in stubbles and fallows is
insignificant. A few fields are cultivated with legumes, olives, sunflower
and grapes. Legume crops are scarce in our study area (<1%, mostly
vetch Vicia sativa, with minor surfaces of bitter vetch Vicia ervilia,
chickpeas Cicer arietinum, peas Pisum sativum or lentils Lens culinaris).

We selected nine zones with breeding aggregations of great bustards
(leks) and variable amounts of cultivated legumes, where we sampled
droppings and legume availability throughout an annual cycle (Fig. 1).
An autumn sampling was conducted in November 2006, a winter
sampling in January 2007 and a spring sampling in April 2007. No
sampling was done in summer because in central Spain non-irrigated
legumes dry out during this season (Bravo et al., 2017).

Great bustards show strong lek-site fidelity, which enabled us to
define each sampling zone by using presence data of great bustards
from our 2004–2010 censuses (own unpubl. data). The limit of each
area was defined by merging a 200m buffer around each bustard lo-
cation, using ArcGIS 9.2 (ESRI). A 350m buffer around buildings and
roads was excluded to calculate the total farmland available as foraging
surface in each lek (Torres et al., 2011).

The abundance of legume fields varied across the nine zones. Zones
L1 to L4 (Fig. 1) are included in a Special Protection Area (SPA) for

Fig. 1. Map of the study area showing the spatial variation in legume avail-
ability in the nine sampling zones (L1-L9) with great bustard leks.
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birds that holds important populations of great bustards and other
threatened steppe birds. An agri-environmental scheme was running
here since 2001, including legume crops as one of the conservation
actions implemented, and the obligation to sow before October 30th
and harvest after July 10th. The remaining zones had variable amounts
of legume crops because some farmers followed a traditional cereal-
legume rotation, but here legume crops were not supported by any agri-
environmental program.

2.2. Legume consumption

Fresh droppings from birds of known sex (231 droppings of females
and 281 droppings of males) were collected at roosting sites at dawn
(>75% of droppings), at midday resting sites after great bustards re-
sumed foraging (>20% of droppings), and from dawn to dusk where a
flock had been observed foraging during surveys of the study area (<5%
of droppings). A dropping accumulates the undigested food elements
taken over a certain period of the day, e.g. the morning or evening (the
two main foraging periods in diurnal birds, Polo and Bautista, 2006). We
assumed that droppings collected at roosting and resting sites included
undigested remains of the total intake in the previous evenings and
mornings respectively (see Bautista et al., 2013 for details of the col-
lection method). Droppings were collected in nine areas whose popula-
tion varied between 50 and 250 individuals (Alonso et al., 2003). The
size of the flocks varied from 12 to 70 individuals. To avoid pseudo-
replication, we collected fewer droppings than individuals per flock and
only those that were at least 10m apart. Droppings were dried during
48 h at 60 °C, and weighed afterwards (accuracy: 0.001 g). Each dropping
was partitioned into green plant material, arthropods and seeds. These
three components were weighed separately and their dry weight pro-
portions calculated for each dropping. The relative proportion of legume
was determined using microhistological techniques (Catán et al., 2003).
Eighty microscope fields (40× ) were examined per dropping, recording
the presence or absence of legume tissues. The proportion of legume was
calculated as the percentage of microscope fields in which at least one
legume tissue was observed. We estimated the percentage of legumes in
the diet as the percentage of microhistological fields with legumes based
on the vegetal dry weight in the droppings (see Bravo et al., 2016 for
details of the diet analysis method).

2.3. Legume availability

The relative surface (ha) occupied by all substrate types was esti-
mated in each zone. The following six substrate types were considered:
sprouted cereal, sprouted legume, cereal stubble, ploughed field, fallow,
and border between cultivated fields. To determine legume availability
(kg/ha), a 25×25 cm metal-square was randomly thrown 20 times per
field (Ponce et al., 2011). Within each square sample we estimated the
percent cover of legume plants. From this average cover, biomass was
calculated through allometric equations (Smith and Brand, 1983). Not
surprisingly, legume biomass was mainly found in legume fields (92.2%).
Some legume plants were also found in other fields that were near le-
gume fields or had been cultivated in previous seasons with legumes. For
each zone and season, the biomass density of available legumes (PL, kg/
ha) was calculated as = =P µ S( )L i i i6 , where µi is the average legume
biomass in substrate-type i and Si is the surface (ha) of substrate type i.
Between 14 and 33 fields were sampled of each substrate type.

2.4. Data analyses

The proportion of legumes in droppings was examined using non-
linear function analysis. Nonlinear functional responses were modelled as
equations from the family of Michelis-Menten equations (Bolker, 2008),
which can be re-parameterised to Holling's original notation (Real, 1977).
Note that data from droppings can be used to estimate diet composition
but not consumption rates. Therefore, we recast the model in terms of diet

composition so that predicted proportions could be compared with ob-
served proportions in order to fit the model (Hellström et al., 2014; Smout
et al., 2014) = +y a x b x( )/( ), where the legume proportion in
droppings (y) is a function of the legume availability (x, kg/ha) in the
field. The parameter a represents the asymptotic legume consumption,
and b is the half-saturation constant, which represents the legume avail-
ability at half the maximum legume consumption a. The parameter θ
controls the shape of the curve (concave down or sigmoid). The type II
response was obtained by setting θ=1. The most commonly used type III
response (sigmoid) is obtained if θ=2. We examined all possible models,
fixing the parameter θ for type II (θ=1) and III (θ=2) responses, and
testing the effects of sex on parameters a, b and both (Appendix A).
Parameter a was not upper-limited in the analyses, and therefore it could
be larger than one, the maximum proportion of legume in droppings. To
account for this unrealistic possibility, the best models were recalculated
by setting the upper limit of a parameter to 1, and the results of bounded
models were compared to models with no upper limit in parameter a.
Since legume availability depends on season, season effect was assumed
and non-linear function analyses were splitted by season.

We used maximum-likelihood methods and model selection (Canham
and Uriarte, 2006; Johnson and Omland, 2004) to develop statistical
models of the legume proportion in droppings as a function of legume
availability. This modelling approach is a form of statistical modelling
that searches for the best model and the maximum-likelihood estimated
set of parameters for that model given an empirical data set. Following
the principles of likelihood estimation, we estimated model parameters
that maximized the likelihood of observing a legume tissue in the
droppings, given a suite of alternative models. We calculated the max-
imum-likelihood estimates of the parameters with simulated annealing
(Goffe et al., 1994), a global optimization procedure, available in the
“likelihood” package (Murphy, 2008) written for the R environment (R
Development Core Team, 2016). We used a normal error structure.
Previously, the proportion of legume in dropping data was arcsine square
root transformed to avoid heterocedasticity. We checked the normality of
the residuals. Alternative models were compared using the Akaike's in-
formation criterion (AICc) corrected for small sample sizes (Burnham and
Anderson, 2002). The best model was the one with the lowest AICc value
with a difference>2 (ΔAICC) to the second best model. The R2 of the
model fit was calculated as 1 – SSE/SST (SSE= sum of squares error,
SST= sum of squares total) comparing the observed versus the predicted
figures. Standard deviation of the residuals was calculated as root-mean-
squared error (RMSE). The R2 and deviation of residuals were used as a
measure of goodness-of-fit. The slope of observed vs. predicted (no in-
tercept) was also used as a measure of bias of the model. Descriptive
statistics are reported as mean ± SD.

3. Results

The mean biomass of available legumes was 29.9 ± 40.6 kg/ha,
ranging between zones and seasons from 0 to 120 kg/ha. Legume bio-
mass increased from autumn (14.4 ± 22.2 kg/ha) to spring
(42.9 ± 48.3 kg/ha). The mean proportion of legumes in droppings
was 0.33 ± 0.26%, ranging from 0 to 1.

The best fit between legume proportion in the diet and its avail-
ability in the field showed a non-linear functional response in all sea-
sons (Table 1, Fig. 2). No models included a sex effect on the half-
saturation legume availability for legume proportion in the diet.
Functional responses type II and III with sex effect on parameter a were
the best-fitted models (ΔAICc<2, Table 1) in autumn. In winter there
was a less conclusive result: the best-fitted models were functional re-
sponses type II, either with or without sex effect on parameter a
(Table 1). In spring the functional response type III was the best-fitted
model without any sex effect on parameters of the curve (Table 1).

The half-saturation legume availability for legume proportion in the
diet increased from autumn to spring (Fig. 2; see parameter b in
Table 2). The maximum proportion of legume in the diet (parameter a)
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predicted by the functional response within the range of the observed
data was higher in females than in males during autumn and winter
(Table 2, Fig. 2). The asymptote for males increased from autumn to
winter, in contrast to the asymptote for females, which was higher in
autumn than in winter (Table 2).

4. Discussion

Simple functional-response models described the proportion of le-
gumes in great bustard droppings as a non-linear function of legume
availability. Functional response type II fitted the data better than type
III in autumn and winter, whereas in spring, type III was the best-fitted
model, describing a dietary switch in great bustards' feeding pre-
ferences. These results confirmed the previously reported strong se-
lection of great bustards for legumes (Bravo et al., 2016; Lane et al.,
1999). Earlier studies had described that preference for legumes by
compositional analysis and selection index (Bravo et al., 2016; Lane
et al., 1999), two methods that assume legume consumption propor-
tional to its availability (Mysterud and Ims, 1998). However, here we
found that in great bustards the relationship between use and avail-
ability was not proportional, as occurs with other food elements in
several species where these relationships have been investigated
(Hellström et al., 2014; Herfindal et al., 2009; Mauritzen et al., 2003;

Moleón et al., 2012; Palma et al., 2006; Smout et al., 2014). Great
bustards followed non-linear legume consumption-availability patterns
that were influenced by sexual constraints.

Microhistological analyses are routinely applied to explore the
dietary preferences of herbivorous species (Blanco-Fontao et al., 2010;
Freschi et al., 2014; Kobayashi and Takatsuki, 2012; La Morgia and
Bassano, 2009; Whitney et al., 2011; Xu et al., 2012). Nonetheless, the
results from the microhistological analysis of droppings were possibly
biased by the distinct digestibility of the different plants. For example,
graminoids or ligneus species are generally over-represented in faecal
samples (Alipayo et al., 1992; Vavra and Holechek, 1980). However,
this bias should not affect the comparisons between sexes and seasons,
and thus would not invalidate our main conclusions. Moreover, despite
the problem of a differential digestibility of different food types, faecal
samples consisted mainly of forbs, with a smaller amount of grami-
noids. Thus, the results of faecal analyses can be assumed to be accurate
enough to draw conclusions on the feeding habits of great bustards.
Feeding preferences derived from faecal analysis were also assumed to
provide reliable information in many other vertebrate species, without
invalidating the conclusions on the functional response types (Bennett
et al., 1999; Wam and Hjeljord, 2010).

The availability of legumes varied seasonally, and the parameters of
the functional response changed accordingly. As predicted, the half-

Table 1
Comparison of alternative models for type 0 (null), I, II and III functional responses for legume consumption by great bustards, with and without sex effects by season.
The best models (lowest AICC, highest R2) are highlighted in bold.

Season Type Effect Equation MLa Kb AICCc ΔAICC R2d Residual deviancee Slope Rank

Autumn 0 =y µ −196.36 2 396.80 80.36 −2.86 0.74 60.42 9
I = +y a b x −159.46 2 322.99 6.55 0.32 0.31 1.00 8
II ( =1) Non sex effect = +y a x b x/( ) −157.84 2 319.76 3.32 0.46 0.28 1.44 5

asex, bsex = +y a x b x/( )sex sex −155.09 4 318.63 2.19 0.70 0.21 0.98 3

asex = +y a x b x/( )sex −155.15 3 316.44 0.00 0.70 0.21 0.99 1
bsex = +y a x b x/( )sex −158.39 3 322.94 6.50 0.42 0.29 1.55 7

III ( =2) Non sex effect = +y a x b x/( ) −157.44 2 318.96 2.52 0.50 0.27 1.37 4
asex, bsex = +y a x b x/( )sex sex −156.31 4 320.86 4.42 0.60 0.24 0.91 6

asex = +y a x b x/( )sex −155.22 3 316.58 0.14 0.69 0.21 1.11 1
bsex = +y a x b x/( )sex −156.08 3 318.61 2.17 0.62 0.23 0.99 2

Winter 0 =y a −191.98 2 388.04 60.50 −3.45 0.66 70.94 10
I = +y a b x −162.83 2 329.74 2.20 0.09 0.29 1.00 4
II ( =1) Non sex effect = +y a x b x/( ) −161.73 2 327.53 0.00 0.22 0.28 1.01 1

asex, bsex = +y a x b x/( )sex sex −161.89 4 332.02 4.49 0.20 0.28 0.98 9

asex = +y a x b x/( )sex −161.96 3 329.36 1.83 0.19 0.28 1.01 2
bsex = +y a x b x/( )sex −161.70 3 329.55 2.01 0.22 0.28 1.00 3

III ( =2) Non sex effect = +y a x b x/( ) −163.40 2 330.87 3.34 0.02 0.31 1.01 7
asex, bsex = +y a x b x/( )sex sex −161.93 4 332.10 4.56 0.20 0.28 0.92 8

asex = +y a x b x/( )sex −161.83 3 329.81 2.27 0.21 0.28 1.03 5
bsex = +y a x b x/( )sex −162.10 3 330.34 2.80 0.17 0.28 0.99 6

Spring 0 =y a −211.60 2 427.27 89.28 −3.80 0.74 61.67 10
I = +y a b x −172.89 2 349.84 11.85 0.07 0.32 2.45 9
II ( =1) Non sex effect = +y a x b x/( ) −168.06 2 340.19 2.20 0.55 0.23 1.00 6

asex, bsex = +y a x b x/( )sex sex −166.78 4 341.79 3.80 0.68 0.19 1.00 7

asex = +y a x b x/( )sex −166.95 3 340.03 2.04 0.66 0.20 1.00 3
bsex = +y a x b x/( )sex −166.94 3 340.02 2.03 0.66 0.20 0.99 2

III ( =2) Non sex effect = +y a x b x/( ) −166.96 2 337.99 0.00 0.66 0.20 0.99 1
asex, bsex = +y a x b x/( )sex sex −167.13 4 342.49 4.49 0.64 0.20 1.03 8

asex = +y a x b x/( )sex −166.96 3 340.06 2.07 0.66 0.20 1.00 4
bsex = +y a x b x/( )sex −167.00 3 340.14 2.14 0.66 0.20 0.97 5

a Maximum likelihood value found.
b K the number of estimated parameters (regression coefficients + 2 variance estimates).
c Akaike's Information Criterion corrected for small sample sizes.
d Proportion of variance explained by the model relative to that explained by the simple mean of the data.
e Residual deviance of residuals measured as RMSE.
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saturation legume availability for legume proportion in the diet in-
creased from autumn to spring, the autumn curve being the steepest
and the spring curve the less pronounced. During autumn, when le-
gumes started growing, their availability was still low and the asymp-
tote of the curve reached saturation at lower legume availability values
than in winter and spring (Fig. 2). The leaves of plants in early growing
stages are generally rich in nitrogen and readily assimilated energy, and
often show poor development of structural and defence elements
(Crawley, 1983; Hartley and Jones, 1997; Jones and Hartley, 1999).
Hence, it is likely that these young legume plants attracted great bus-
tards as happens with other herbivore species (White, 1993). During
winter, the curve was less pronounced (Fig. 2b), probably due to a
decrease in the relative quality of legume plants (i. e. proportionally

slower increase of their nutritive components compared to their struc-
tural components) over the growing season (Van der Wal et al., 2000).
Consequently, great bustards would be expected to feed upon alter-
native resources and so expand their trophic niche in zones with low
availability of legumes. Finally, the functional response change to type
III in spring, when great bustards switched from legumes to other re-
sources such as arthropods and weeds, which are more abundant at the
time of the year than in autumn and winter (Bravo et al., 2016).

The maximum percentage of legumes in the diet (asymptote) in-
creased from autumn to spring. This means that great bustards feed on
legumes according to their availability, i.e. with higher intensity where
legumes are more abundant. However, the asymptote tended to remain
at a value much lower than one, showing that great bustards did not
increase the proportion of legumes in their diet as legume abundance
increased. Similar results have been reported in related species such as
little bustards (Tetrax tetrax, Bravo et al., 2017). This suggests that great
bustards self-regulate the intake of legume when its abundance exceeds
their nutritional needs, probably because they cannot fulfil their nu-
tritional requirements just feeding on legumes. The ability to balance
nutrient intake has been described for other herbivorous species
(Stephens and Krebs, 1986). The nutritional balance is a problem as-
sociated with an herbivorous diet because plants are generally poor in
nutrients and their ratios of nutrients are believed to be highly variable
(Dearing and Schall, 1992; Raubenheimer and Simpson, 1997). As
many other herbivorous species (Prins and Beekman, 1989), it is likely
that great bustards consume a balanced diet by selecting a combination
of species to satisfy their needs for energy and protein. For instance,
some herbivorous insects are able to compose a balanced diet by
switching among nutritionally imbalanced but complementary foods
(Chambers et al., 1995; Raubenheimer and Simpson, 1997).

The availability of food of high quality plays a role when con-
sidering differences in diet selection between individuals of different
size. The best-fitted functional response included a sex effect in the
asymptote of the curve, suggesting a possible effect of sexual size di-
morphism. The half-saturation constant was equal in males than in fe-
males, which means that both sexes fed on legumes at the same legume
availability. However, the asymptote of the female consumption curve
was higher than that of the male curve, particularly in autumn, which
means that the female diet included a higher proportion of legumes
than the male diet. In autumn, shortages of available resources could
occur (i.e. first leaves of green plants become to emerge and minimal
abundance of available arthropods; Bravo et al., 2016), and conse-
quently we would expect more pronounced diet differences (Illius and
Gordon, 1992). If availability of low-quality food reaches a threshold
below which smaller-bodied individuals cannot extract enough energy
to survive, then they are forced to be more selective for high-quality
food. Smaller-bodied individuals (i. e. females) consumed food of
higher quality (i. e. legumes) than larger males as predicted by the

Fig. 2. Predicted functional response type for the proportion of legumes in
droppings of males (filled circles/dashed line) and females (empty circles/solid
line) in autumn, winter and spring, in relation to legume availability (kg/ha).
Mean and SD values are shown for each zone. Some means are absent because
in some zones no legume was available or it was sown in late winter.

Table 2
Maximum-likelihood estimated parameters and parameter support intervals
95% (in brackets) for the most parsimonious functional response model cal-
culated for each season (Table 1).

Season Modela Parameterb Estimate SE 95% CI

Autumn II (asex) afemale 0.88 0.21 (0.54–1.25)
amale 0.63 0.18 (0.33–1.01)
b 0.99 1.78 (0.01–6.30)

Winter II (asex) afemale 0.87 0.32 (0.45–1.1)
amale 0.79 0.31 (0.40–0.99)
b 14.8 23.54 (1.93–18.10)

Spring III (Non sex effect) a 0.98 0.39 (0.64–1.29)
b 55.17 36.7 (30.34–96.58)

a Models referred to Table 1.
b Parameters referred to equations in Table 1.
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Jarman-Bell principle, which proposes that among herbivorous species,
larger individuals are less selective accepting diets with higher contents
in fibre than smaller individuals (Bell, 1970; Demment and Vansoest,
1985; Jarman, 1974). During winter and spring, there were still dif-
ferences in legume proportion in diet between males and females, but
these differences did not reach significance, probably because in winter
and spring the diet includes other high-quality resources such as seeds
and arthropods (Bravo et al., 2016), besides food types for episodic self-
medication (Bravo et al., 2014).

In conclusion, great bustard behaved as opportunistic foragers,
whose sexual size dimorphism might play a role in the functional re-
sponse of legumes and therefore also in the dietary niche divergence
between males and females. Legumes play a key role in intensive
agricultural landscapes by providing food resources and their asso-
ciated biodiversity (Bretagnolle et al., 2011). Functional responses are a
useful tool to understand the resource selection of species, which is
particularly important in threatened species such as great bustards.
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Appendix A

Table A.1
Explanations and predictions of alternative models of types 0, I, II and III

Model Equation Prediction

Null (type 0) =y µ This model predicts no relationship between the legume proportion in droppings
and legume availability

Linear (type I) = +y a b x This model predicts a linear relationship between the legume proportion in
droppings and legume availability, up a threshold

Non-linear Type II (θ=1) Type III (θ=2)

Basic = +y a x b x/( ) These models predict a non-linear relationship of the legume proportion in
droppings regardless of sex effect

Including an effect
of sex

= +y a x b x/( )sex sex These models predict a different proportion of legumes in droppings of males
and females. Sex influenced the steepness of the curve as well as its asymptote.
There was a sexual difference in the degree of selection (half-saturation, b
parameter) and in the maximum proportion of legumes in the diet (asymptote, a
parameter).

= +y a x b x/( )sex These models predict a different proportion of legumes in droppings of males
and females. Sex influences only the asymptote of the curve, i.e. there is a sexual
difference only in the proportion of legume in the diet (asymptote)

= +y a x b x/( )sex These models predict a different proportion of legumes in droppings of males
and females. Sex influences only the degree of selection (half-saturation, b
parameter)
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