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Conventional evolutionary and behavioral reasoning expects foragers to show strong spatial preferences in environments
with heterogeneous resource distribution. Moreover, consumers should benefit from exploiting the information embedded
in environmental features that indicate resource abundance. In desert soils seed abundance associates strong and reliably
with vegetation and litter cover at small spatial scales. However, other spatially correlated factors (substrate complexity,
temperature, predation risk) may affect foraging costs, benefits and decisions by ground-feeding granivores. We used a
sequence of three semi-controlled field experiments of binary spatial choice within a portable aviary to identify the main
cause of foraging microhabitat selection by the most abundant postdispersal granivorous bird in the central Monte desert
(Argentina). In the first experiment we placed the aviary at field to offer pairs of adjacent microhabitats of unmodified,
naturally-contrasting substrates and environmental conditions to single, untrained rufous-collared sparrows Zonotrichia
capensis. Birds selected covered microhabitats in winter and summer, ruling out substrate complexity or thermoregulation
as main single causes of patch selection. The other two experiments dissociated seed abundance, tree cover and litter to
reveal their effects on patch selection. The results indicate that 1) sparrows do not restrict microhabitat exploration relying
on environmental indicators, 2) distance to tree cover influences the order of patch exploration, probably in association
with apprehension or risk-assessment behavior, and 3) patch exploitation is determined by short-term local estimation of
seed abundance. The integration of these with previous results obtained under variable degrees of realism and experimental
control allows for a better explanation of the spatial component of postdispersal granivory and its consequences on plants.
The unconstrained selective foraging strategy of these sparrows would allow them to detect sporadic or ephemeral rich
patches with structural characteristics indicating ‘low-quality’, should promote the spatial homogenization of the palatable
seed bank, and would favor indirect interactions between plants.

A number of factors can affect the selection of foraging
places by small animals. At microhabitat or patch scale,
the main costs and benefits should be determined by food
availability, foraging efficiency, vulnerability to predators,
and microclimate (Wiens 1985, Repasky and Schluter
1996, Meyer and Valone 1999). The decision-making
process of the foraging animals involves gathering infor-
mation on those factors, either by inference from reliable
environmental indicators or by local assessment after the
site has been explored (Mitchell 1989, Stephens 2007).
Most modelling and empirical efforts have been devoted to
unveil the processes by which foragers decide how much a
random-accessed patch should be (optimally) exploited, for
example combining previous expectations with local while-
foraging assessments (e.g. Bayesian foragers: Valone 20006,
Olsson and Brown 2010). However, behavioral responses
of individual foragers have proved context dependent
(Gordon 2011): state-dependent, time-dependent and

variance-sensitive, varying with contingencies such as
physiological state, environmental conditions and popula-
tion and community properties (e.g. abundance, predators,
competitors; Ydenberg et al. 2007). As a consequence, the
actual importance of each of the potential causal factors is
not obvious under complex, natural field variability in both
environmental and individual conditions. The expected
global foraging patterns, i.e. those that have consequences
on resources, remain elusive or ambiguous, hindering our
ability to understand resource—consumer reciprocal effects
and to predict their responses to changing conditions.
Though many external and internal factors may even-
tually have an influence on individual foraging decisions,
consumers are expected to show strong spatial preferences
when foraging in environments where food availability is
highly heterogeneous and correlated with informative envi-
ronmental features. This is the usual scenario with seeds,
litter and woody vegetation in desert soils. In deserts, seed
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availability is highly heterogeneous in the soil and associates
persistently with vegetation structure at small spatial scales
(Price and Reichman 1987, Guo et al. 1998). For exam-
ple, in the algarrobal of the Biosphere Reserve of Nacunan
(central Monte Desert, Argentina), an open woodland of
algarrobo Prosopis flexuosa trees, most of the floristic and
structural heterogeneity at microhabitat scale relates to
shrub and tree cover (Milesi 2006), and seed abundance and
litter accumulation are consistently higher in the soil under
them (Marone and Horno 1997, Marone et al. 2004). This
association turns woody cover into putative conspicuous
visual cues of resource abundance which, according to con-
ventional evolutionary and behavioral reasoning, should be
used by granivores as proximate factors for enhanced for-
aging efficiency and allocation of energy. In more general
terms, consumers should benefit from information available
or gathered at low-cost (Olsson and Brown 2010) enabling
them to follow a strategy of guided patch selection on sim-
ple rules (e.g. ‘only explore patches under woody cover’)
instead of the less-informed procedure of random patch
search followed by patch departure decisions conditional on
local estimations of quality. This should free birds of the
costs associated with indiscriminate exploration, involving
both the costs of traveling among patches and the oppor-
tunity cost of not exploiting better patches while busy esti-
mating the suitability of each poor patch (Kohlmann and
Risenhoover 1998, Olsson and Molokwu 2007, Sih 2011).
However, the predicted spatial association between veg-
etation cover and postdispersal seed consumption was not
as evident as presumed when tested at field in our study
site: no differences in vegetation characteristics were found
between foraging microsites of granivorous birds and ran-
domly chosen microsites (Milesi et al. 2008). In fact, birds
removed single experimental seeds more frequently in open
microhabitats which associate with low-quality patch char-
acteristics (Milesi 20006).

Several non-exclusive explanations can account for these
unexpected patterns. One of them is that other factors, also
strongly correlated with woody vegetation cover, involve
foraging costs that reduce the net benefit of foraging in rich
patches. Litter accumulated under woody plants is a reli-
able indicator of higher seed abundance (litter traps most
seeds during secondary dispersal) but could also be a poor
foraging substrate to detect and capture seeds (Whalen and
Watts 2000, Whittingham and Markland 2002, Cueto et al.
2013). There are also large temperature differences between
exposed and shadowed sites, and small birds should avoid
the highest temperatures under direct solar radiation of
exposed microhabitats in summer (>35-40°C) to reduce
their metabolic rate and, particularly, to diminish evapo-
rative water loss (Wolf and Walsberg 1996, Wolf 2000,
Williams and Tieleman 2001). Previous results in this same
area showed higher diurnal seed removal in covered micro-
habitats in summer but not in winter (Lopez de Casenave
et al. 1998), which may result from birds extending their
summer foraging activity towards hot middays (when they
usually rest perched under cover) to exploit the exception-
ally profitable offer of artificial ad libitum trays in shaded
patches. Finally, perception of predation risk in associa-
tion with vegetation cover is usually invoked to explain
the selective use of space by small birds (Schneider 1984,
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Watts 1991, Repasky and Schluter 1994, Carrascal and
Alonso 2006, Molokwu et al. 2010), even though a par-
ticular selective pattern based on actual risk of predation
cannot be easily predicted (Lazarus and Symonds 1992,
Lank and Ydenberg 2003) and its relative importance can
differ according to species-specific characteristics of both
predators and prey (Pulliam and Mills 1977, Lima 1990,
Carrascal and Alonso 20006).

Experimental tests of foraging theory have revealed
the subtlest details in the decision-making mechanisms of
some model animals (Stephens et al. 2007), though usu-
ally sacrificing realism (e.g. standardized settings to match
model assumptions, reduced variability of resources and
conditions, loss of field context, training or baiting of
experimental subjects to force their patch-choice) to reveal
behavioral or cognitive capabilities rather than eliciting
usual field behaviors. Conversely, observational field stud-
ies provide good descriptions and retain context but are
ill-suited to distinguish among spatially correlated factors
or mechanisms that may produce similar spatial patterns.
Controlled field experiments with realistic values of sig-
nificant variables (Petraitis 1998) and embracing natural
variability (Polis et al. 1998) are called for, not only to
enhance extrapolative power and comparability to natu-
ral conditions (see, e.g. the series by Repasky and Schluter
1994, 1996 and Repasky 1996) but also because embracing
variation proves essential for the development of ecological
theory (Scheiner and Willig 2011).

In this work our objective was to detect the most rel-
evant single or interacting factors that associate with for-
aging microsite preferences by the rufous-collared sparrow
Zonotrichia capensis. This is the most abundant seed-eating
bird in the central Monte desert, feeding mostly on grass
and forb seeds from the seed bank after their dispersal by
wind and rain at the end of summer (i.e. a postdispersal
granivore; Lopez de Casenave 2001, Milesi 2006, Milesi
et al. 2008). We used a behavioral tool (recording behav-
ioral states and events of focal individuals in experiments
of spatial choice) for an ecological question within a series
of field studies of foraging site selection by granivorous
birds and its consequences in the Monte desert (Milesi
2006). As many factors of both environment and consum-
ers are expected to have some influence on patch selec-
tion, inter-individual and environmental ‘noises’ were
deliberately included in the experimental design to test if
expected selective patterns are still evident at the habitat
level in spite of natural sources of variability. We did three
sequential semi-controlled experiments of binary spatial
choice in a portable field aviary. In experiment 1 we placed
the aviary in the field in such a way to offer pairs of adja-
cent microsites of naturally-contrasting characteristics to
single, untrained Z. capensis individuals, to test if there
is a general pattern of foraging site selection at this scale
and evaluate its association with both foraging benefits
(food abundance) and costs (thermoregulation, substrate
complexity, predation risk). In the other two experiments
we further explored the selective pattern by breaking the
spatial association of some of those conditions within the
aviaries to evaluate if birds rely on different environmental
cues of patch quality or assess patch profitability during
patch exploitation.



Methods

Study area

The study was done in the Biosphere Reserve of Nacundn
(34°03'S, 67°54.5"W), in the central Monte desert (Mendoza,
Argentina). The main habitat of the Reserve is the ‘algarrobal’,
an open woodland of algarrobo Prosopis flexuosa trees, usu-
ally 3-6 m high, scattered over a matrix with high cover of
perennial tall shrubs (>35% cover, 1-3 m high, mostly Larrea
divaricata) and of perennial grasses (>25%). About a third
of the surface of the algarrobal are open patches of differ-
ent size (decimeters to few meters). Seed abundance in the
soil is very heterogeneous at small scales, with patches of
extreme abundances close in space. Seeds are consistently
and permanently more abundant under trees and shrubs and
in depressions of the soil, where litter accumulates (Marone
et al. 1998, 2004). Maximum availability of seeds occurs
in autumn—winter, with a minimum when summer starts.
For an extended description of the study area, and seed and
vegetation heterogeneity see Lopez de Casenave (2001) and
Milesi (2006).

General experimental design

Selection of foraging microsites by single Z. capensis birds
was studied under a semi-controlled protocol along three
sequential experiments of binary choice in portable field
aviaries. The open bottom of the aviary (2X 1 X1 m) was
considered divided in two halves, with a transversal hori-
zontal perch at 25 cm height in between. This ‘patch size’
broadly agrees with the spatial scale used in associated local
field studies of the seed bank and bird foraging (Marone
et al. 2004, 2008, Milesi et al. 2008, Cueto et al. 2013).

In total, 55 birds were captured with mist-nets and
kept in individual cages under natural photoperiod, with
ad libitum Setaria italica seeds and water. A brief fasting
period (2-2.5 h) was forced before trials (after early morn-
ing feeding). Individuals were not selected or trained before
experiments, and time between capture, test and release
was minimized (usually 1-2 d, maximum =7 d) to prevent
birds from changing their food preferences, physiological
condition or getting habituated to captivity (Butler et al.
20006). We assume that inter-individual variation in previ-
ous field experience, physiological conditions and behavioral
responses at the field population were represented in the
experimental population. Each bird was trialed only once
and released immediately afterwards.

Each individual was released in the center of the aviary
from a remotely-opened small box. Trials were videotaped
from behind one of two blinds (vertical green cloths) at 2—4
m from each long-side of the aviary. Tapes were digitized and
analyzed atX 0.5 speed, recording foraging events (pecks
and scratches) and behavioral states (the horizontal and ver-
tical position of the bird). In the vertical axis, two exclusive
states were defined: ‘on the ground’ and ‘lying/perched’. In
the horizontal axis, two sectors of the aviary were defined:
‘covered’ (CO, under an algarrobo tree) and ‘exposed’ (EX).
Moving to the central perch was not considered a change of
sector. Foraging events recorded were: ‘peck’, when the bird
pecked the ground (independently of the inferred goal or
the result), and ‘scratch’, when the bird removed soil or litter

with a sudden simultaneous movement of both legs (‘bilat-
eral scratching’ or ‘double-scratching’; Greenlaw 1977). We
defined foraging bouts as periods in which the bird was
actively searching and consuming food, according to the
combination of states and events recorded. We operationally
established a foraging bout (similarly to Whittingham et al.
2004) as the continuous time interval with > =5 foraging
events during > = 5 s without leaving the ground or >10's
between successive events. Intervals of 5-10 s between suc-
cessive events were only considered the end of a foraging
bout when bird activity was not related to foraging (e.g.
running along an aviary border, pecking the wire, preening).
Following these criteria, foraging bouts included 92.4% of
the pecks and 97.2% of the scratches recorded in all the
experiments. Foraging bouts and events were assumed as
proxies for intensity of seed predation. Though natural sub-
strate and field set-up hindered more precise measurements
(e.g. successful ingestion of every food item), we confirmed
through video records that most pecks within foraging bouts
corresponded to active seed consumption as expected. Trials
were finished 720 s (= 12 min) after the first foraging bout
started (in a few cases where the film record lasted 10—12
min the values were extrapolated multiplicatively to 720 s
for easier comparisons). Trials in which birds did not start
foraging in the first 30 min since leaving the releasing cage
(latency) or in which total foraging time was less than 90 s
(12.5% of the trial) were discarded as not providing enough
evidence of foraging site selection.

Experiment 1: spatial preference of selected natural
conditions

Foraging microsite selection was evaluated in summer and
winter under semi-controlled natural conditions. Trials
were done in windless sunny mornings (between 10:45
and 13:00, local solar midday = 13:30), during both win-
ter (July—August 2000) and summer (December 2000
and February 2001), each in a different aviary location at
field. Aviary locations were selected to include two adja-
cent naturally-contrasting microsites that co-occur in the
general habitat: one half was under algarrobo canopy, with
naturally accumulated litter and tree shade at the begin-
ning of each trial (CO), and the other exposed, with bare
ground and direct sunlight (EX). No modifications were
made except for removing occasional herbaceous plants.
Temperature of soil surface was measured in the center of
each sector with a digital thermometer 1) to confirm its
strong association with degree of insolation depending on
season and 2) to be used as a surrogate of thermoregula-
tory stress for the animals (which also depends on other
factors: Wolf et al. 2000, Williams and Tieleman 2001)
among markedly different conditions. Four soil samples
(3 cm diameter and 1 cm depth) were taken before every
trial in the corners of a 50 cm-square centred in each sector
(i.e. eight samples per aviary location). Samples were pro-
cessed and examined for presumed viable seeds following
protocols and criteria in Marone and Horno (1997) and
Marone et al. (2004). Consumable seeds for Zonotrichia
capensis were defined according to a local, long-term diet
study: all grass species plus forbs in the genera Chenopo-
dium, Sphaeralcea, Parthenium and Heliotropium (Lopez
de Casenave 2001). Available seed biomass (g m~2) was
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calculated using mean seed weights per genus taken from
Peralta and Rossi (1997), Marone et al. (1998) and Lopez
de Casenave (2001).

If there is a general selective pattern prevailing over
individual particularities of both birds and locations and
the main mechanism of foraging patch selection does
not change between seasons, three exclusive patterns are
expected, depending on the single most important factor at
this scale: 1) if selection of foraging sites depends mainly on
seed abundance (either directly measured or inferred through
environmental cues), birds should prefer the higher seed
abundance and biomass in sector CO in both seasons; 2) if
seed detectability or accessibility, and consequently search-
ing or handling efficiency, are crucial factors (Getty and
Pulliam 1993) birds should prefer the bare ground in EX
in both seasons since foraging success is negatively affected
by litter accumulation (Cueto et al. 2013); and 3) if selection
is constrained by thermoregulation costs or body water loss,
birds should avoid direct sunlight in EX in summer (when
exposed ground is > 35°C) but show no sector preference in
winter (when temperature is similarly low in both sectors) or
a slight preference for EX to reduce their metabolic rate.

Fifteen Z. capensis individuals in winter and 16 in sum-
mer were captured and tried; two birds per season failed to
feed in the first 30 min in the aviary, while one trial in winter
and two in summer were discarded a posteriori due to short
foraging time (<90 s). Consequently, 12 trials per season
were considered valid for analysis.

Experiments 2 and 3: dissociation of correlated
environmental cues and actual seed offer

In these experiments the aviary was also placed in the field
but the conditions were modified to disentangle various cor-
related environmental cues and dissociate them from actual
seed availability to unveil the main mechanism of patch
selection previously observed (experiment 1). In experiment
2 natural seed abundance was swapped between sectors. If
birds rely on environmental cues (tree cover, litter accumu-
lation) as indicators of patch quality they should keep the
spatial preference shown in experiment 1, whereas if micro-
site preference is based on the local evaluation of seed offer
during exploration, then birds should prefer the more profit-
able sector (now EX). In experiment 3, those two correlated
environmental cues that may be guiding the initial choice of
a foraging microsite to explore were dissociated by moving
the litter to EX while seed offer was equalized. If birds use
tree cover as a guide they should prefer CO but if the key
cue is litter they should prefer EX, while if foraging patch
selection only depends on seed offer birds should show no
sector preference.

Before each trial of experiment 2 the natural substrate on
sector CO was replaced with the ‘seed-impoverished’ big-
ger litter fraction that remained on a sieve (~5 mm mesh)
coming from 1 m? surface soil under an algarrobo tree. The
smaller (seed-rich) fraction, plus a few seeds of Setaria italica
(200 seeds m™2=10.52 g m~% 2.3% of the average winter
abundance of consumable seeds in litter under algarrobos,
see Results for experiment 1), was placed on the bare ground
of EX and covered with a shallow layer of fine ground
for natural bare-ground appearance. Two samples of seed
abundance per sector (25 c¢m to each side of their centres)
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were taken before each trial and processed as explained for
experiment 1 to confirm the required conditions. Eleven
individual birds were tested between 10:30 and 13:45 h in
winter (July 2001) to keep similar insolation in both sectors
and avoid stressful temperatures. Briefly, contrasting condi-
tions in aviary sectors were: CO (covered/litter/less seeds)
vs EX (exposed/bare ground/more seeds), with similar tem-
perature and insolation. One bird failed to forage in the
first 30 min and another foraged for <90 s, with nine trials
remaining valid for analysis.

Experimental design and protocol were similar in experi-
ment 3, except that the sieved bigger portion of litter from
1 m? under an algarrobo tree was more intensively sieved
before locating it in EX, farthest from the tree (the smaller
fraction of litter containing most seeds was discarded). Soil
from a near area of bare ground, sieved through a 0.3 mm
mesh to remove all seeds, was placed in CO. Two hundred
Setaria italica seeds were scattered in each sector (0.52 gm~2),
and covered with a thin layer of seedless soil in CO mimick-
ing bare-ground appearance. Binary choice in this experiment
was reduced to CO (covered/bare ground) vs EX (exposed/
litter), with similar temperature and seed abundance in both
sectors. Thirteen trials were done in July and August 2001,
though 10 were analyzed after discarding two birds that
foraged <90 s and one trial with film record damaged.

Statistical analyses

We estimated foraging intensity as the foraging time and
the number of pecks (within every foraging bout) per aviary
sector in each trial with a different individual bird. Selec-
tion of a foraging sector between the two available options
was evaluated as the proportion of total foraging time and of
the number of pecks in the covered sector of the aviary (e.g.
Poo =1 if the bird only foraged in CO, Py = 0.5 if there
was no preference). We estimated sector preference during
latency time as the proportion of time spent in each sector
since the bird left the cage until the first foraging bout.

Tests based on one data value per aviary sector (seed
abundance and biomass, temperature, foraging time, num-
ber of pecks) were analyzed with random-intercepts linear
mixed models to account for the hierarchical structure
(i.e. a split-plot design of sectors within aviaries) while
allowing for different levels of mean aviary conditions and
individual responses (e.g. individual bird foraging activ-
ity). Some measured variables were square-root- (foraging
time) or log- (number of pecks and number and biomass of
seeds, after adding the minimum possible measured value
to avoid zeroes) transformed in order to assume normal-
ity of residuals and random factors, which was graphically
checked (using qqplots, scatterplots and boxplots of resid-
uals). Residual variances were checked for homogeneity
and modeled as heterogenecous when adequate. The small
datasets prevented fitting more theoretically appropriate
but data-demanding models (e.g. finite mixture models or
compound distributions).

Analyses from single integrative values at the aviary level
(proportions of time, events and seeds) were also modeled
with generalized least squares for methodological coherence
with the analyses above and to allow for variance heteroge-
neity if relevant. Proportions were analyzed in the logit scale



after minimum rescaling to avoid observed zeros and ones
(smallest measurable value added or substracted, respectively;
Warton and Hui 2011). In the simplest case of analyses of
proportions with no predictive factors (experiments 2 and 3
and reduced models in experiment 1) this reduces to test the
null hypothesis that P = 0.5 or logit(P-) = 0. All results
are presented after back-transformation to proportions.

Statistical analyses were done within R (R Core Team)
running on RStudio Desktop for Linux (RStudio Team
2012), using the Ime and gls functions in the nlme pack-
age (Pinheiro and Bates 2000, Pinheiro et al. 2013). We fol-
lowed the general top-down modeling approach suggested
by Zuur et al. (2009), selecting the random structure for
saturated fixed models and then comparing nested models
which simplify the fixed structure for unsupported param-
eters by deleting explanatory variables. The depleted (sim-
pler) model was compared with the full (reference) model
estimated by restricted maximum likelihood (REML, for
tests of heterogeneous variabilities between models with the
same fixed structure) or by maximum likelihood (ML, for
tests of fixed factors between models with the same random
structure). Deletion tests are reported as “Variables’ where
Variables declare those parameters that differed between
reduced and reference models, followed by the difference of
Akaike’s information criterion (AAIC) and the likelihood
ratio test (L) with its associated degrees of freedom and cor-
responding p-value. Small AAIC, low L and high p-value
suggest model simplification (i.e. not enough empirical
support to sustain the more complex model). Parameters
of final models reported were estimated by REML. For
Wald-tests, t statistics associated with null hypotheses of
logit(P) = 0 are reported with their degrees of freedom and
p-values. Measured ranges are reported between brackets after
mean values, while 95% confidence intervals on estimated
values (conditional on random factor where appropriate) are
abbreviated as CI.

Results

Experiment 1

Conditions of ground temperature and seed availability
in adjacent natural microhabitats, selected by locating the
experimental aviaries at field, confirmed presumed contrasts.
Differences in ground temperature between aviary sectors,
associated with insolation, differed between seasons (Season
X Sector: AAIC=128.29, L, =30.287, p<<0.001). In sum-
mer, when differences were big (A=13.9 [9.7-18.8]°C),
EX temperature (42.5 [35.8-52.5]°C) was always above
the critical threshold of water loss by evaporation for small
birds (Wolf and Walsberg 1996, Wolf 2000). In winter, avi-
ary sectors were more similar (A =5.9 [1.6-9.9]°C) and both
within the tolerable range for the birds (11.9 [6.3-19.7]°C).
The estimated abundance (and biomass) of consumable seeds
was higher in the litter of CO sector than in the bare ground
of EX in every single position of the aviary in the field, in
both seasons. That difference did not depend significantly
on Season (Season X Sector and Season: AAIC =-2.03,
L,=1.970, p=0.373). The estimated mean abundance (i.e.
a geometric mean or log-average) was > 20 times higher in

CO (5467.7 seeds m~2) than in EX (254.3 seeds m~2). An
even bigger difference (>40 times higher) was evident by
estimating seed biomass (1.537 vs 0.037 g m2, respectively).

Even when not selected or trained, birds responded
promptly to the experimental setup. They remained on

the ground most of the time after starting to forage (631
[160-720] s), foraging for, on average, over half of the
length of the experimental sessions (413 [103-720] s).
Latency time was higher during summer (Season:
AAIC=3.53, L, =5.534, p=0.019; summer = 105.9 s,
winter =28.7 s), with sector preference (proportion of
latency time) very variable among individuals but with a
general tendency towards preferring CO sector in both
seasons (Season: AAIC=-1.41, L, =0.588, p=0.443;
P, = 0.848, CI = 0.477-0.972).

Foraging in the aviaries was positively associated with seed
availability in each aviary sector, independently of Season
(Season X Seeds and Season: AAIC=-3.62, L, =0.382,
p = 0.826) when estimated as the relation between number of
pecks and seed number (Seeds: AAIC =29.69, L, = 31.690,
p <<0.001). The result is very similar, and also independent
of Season (Season X Seeds and Season: AAIC =-3.48,
L, =0.522, p=10.770) between foraging time and seed bio-
mass (Seeds: AAIC =33.54, L, = 35.539, p<0.001; Fig. 1).
However, those strong relationships became non-significant
when Sector was included as a main explanatory factor, i.e.
there was no further association between foraging intensity
and the availability of seeds over and above their mean values
for each microhabitat type (Seeds [with Sector in the model]:
for number of pecks: AAIC=-1.99,L,=0.011, p=0.917;
for foraging time: AAIC=-1.99, L, =0.014, p=0.905).

Every individual bird explored the ground of sector CO
and most (16/24) explored the ground of EX; in approxi-
mately half of the aviaries (13/24) they actually foraged
in both sectors. However, bird foraging in sector EX was

sqrt (foraging time) [s]

log (seed biomass) [gm™?]

Figure 1. Foraging intensity by Z. capensis individuals (foraging
time) against natural seed availability (estimated seed biomass) in
the substrate of the covered (full circle) and uncovered (empty cir-
cle) sectors of the field aviaries during summer (black) and winter
(grey) trials of experiment 1. Black line shows the overall regression,
and grey lines connect the values of the two aviary sectors in each
trial (with a different bird in a different position at field). Note that
seed availability in CO sector was always higher than in EX sector
at every aviary position. A very similar figure results from estimat-
ing foraging intensity as number of pecks and natural seed avail-

ability as seed density (not shown).
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Experiment 1 (winter)

Experiment 1 (summer)

7201 many seeds
litter
shade

many seeds
litter
shade (lower T2)

few seeds
bare soil
sun (high T9)

Experiment 3

w
— -240-
8 few seeds
P bare soil
£ —-480- sun
é Experiment 2
@ 7207 fewer seeds
§ “litter”
= 480-
[m]
240- _— —
01 -
-240 - TS
more seeds
—480- “bare soil”

similar seeds
bare soil

similar seeds
“litter”

0 120 240 360 480 600

720 0 120 240 360 480 600 720
Trial time (s)

Figure 2. Cumulative difference in foraging time between the two aviary sectors along the duration of each trial (720 s from the beginning
of the first foraging bout), with positive values indicating a difference in favor of sector CO (i.e. the sector closer to the tree, in light grey).
Other contrasting conditions between sectors are indicated for each experiment see text for details. Each grey line shows the foraging pro-
gression of an individual bird; lines go up during a foraging bout in sector CO, go down when foraging in EX, and stay horizontal when
the bird is not foraging. The thick black line is a smoother on the mean value for the individual trials in each experiment.

usually brief, returning to CO for longer bouts (Fig. 2; detailed
ethograms in Milesi 2006 or available from the correspond-
ing author). Foraging time within the aviaries did not differ
significantly among seasons (Season X Sector and Season:
AAIC=-2.11, L, = 1.887, p=10.389). Irrespective of sea-
son (Season: AAIC=-1.69, L, =0.314, p=0.575), birds
spent most of their foraging time in sector CO (estimated
Peo=0.986, CI=0.957-0.995, t,,=7.889, p<0.001;
Fig. 2). Almost identical conclusions result when infer-
ring foraging success from the number of pecks (Season X
Sector and Season: AAIC=-1.87, L, =2.131, p=0.345;
CO =220.28 pecks, EX =4.38 pecks) and when analyzing
their proportion within each aviary (Season: AAIC =-1.32,
L, =0.128, p=0.720; estimated P, = 0.985, CI = 0.954—
0.995, t,,=7.573, p<0.001).

Birds ‘double scratched’ to search for seeds almost exclu-
sively in CO where litter was present, and 5.5 times more
frequently in winter. In fact, foraging activity as a whole was
more intense in winter trials (Fig. 3). Mean peck rate during
foraging bouts in each sector did change between seasons
(Season X Sector: AAIC=2.48, L, =4.484, p=10.034):
foraging in the CO sectors was ~30% slower in summer tri-
als (winter: 0.92 pecks s™!; summer: 0.63 pecks s1), while
it remained intermediate and similar in the few measured
bouts in the EX sector (~0.8 pecks s™1).
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Experiments 2 and 3

Experimental dissociation of substrate and seed abun-
dance was effective and inverted seed abundance and
biomass between sectors for experiment 2 (Sector: seed
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0% | i
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Intervals between pecks (s)

Figure 3. Frequency distribution of time intervals (in log-scale)
between successive pecks for all the winter (dark grey) and summer
(light grey) trials of experiment 1. Intervals <5 s were interpreted
as within the same foraging bout (see text).



abundance: AAIC =3.38, L, =5.380, p=0.020; seed bio-
mass: AAIC=10.64, L, =12.64, p<0.001). Mean values
resulted within the natural range, but now 3-8 times higher
in the simulated ‘bare-ground’ of EX sector (EX: 2179 seeds
m~2, 1.151 g m~% CO: 745 seeds m~2, 0.144 g m~2).

General parameters of foraging activity (time on the
ground, foraging time, number of foraging bouts, peckrate)
were similar to those in winter trials on the natural substrates
of Experiment 1, but foraging preferences were radically dif-
ferent. Even when birds still preferred the CO sector before
starting to forage (P, =0.892, t; =2.477, p=10.038), and
most (7 out of 9) did start foraging in the littered sector
closer to the tree, almost all of them moved eventually (15—
485 s later) to forage preferentially in EX without return-
ing to forage in CO for substantial periods (Fig. 2). As a
consequence, detected preferences for EX sector increase
with the (arbitrary) length of the trials. Results for the total
experimental time revealed no global Sector preference
(Pop =0.357, t; = 0.703, p=0.502) unless an outlier cor-
responding to the only individual that did not try the modi-
fied substrate in EX is removed (without #7: P, = 0.207,
t, =3.347, p=0.012). The preference for EX was much
stronger when evaluated for the second half of the experi-
ments (Fig. 2), when most individuals had tested both for-
aging patches (again, removing the outlier #7: P = 0.08,
t,=8.873, p<<0.001). As in the previous experiment, the
same conclusion results from analyzing foraging effort per
Sector as the amount of foraging time or as the number of
pecks (not shown).

During trials of experiment 3, most birds (7/10) started
foraging in sector CO (closer to the tree but now with no lit-
ter) following a similarly variable trend to occupy that same
sector during latency (P, = 0.858, ty = 1.502, p=10.167).
In spite of that, birds did forage in both sectors, with no
sector preference detected for the total length of the trials
(Peo=0.389, ty =0.615, p=20.554; Fig. 2) nor for the
second half of the experiment (P =0.260, t, =1.241,
p = 0.246), even when removing the single bird that foraged
in just one sector (P = 0.365, t; = 0.724, p = 0.490).

Discussion

The correlation between resource abundance and use is a
default assumption or prediction of classic foraging models
focused on bottom-up effects (Pyke 1984, Stephens and
Krebs 1986, Sih 2011) since it agrees with the simplest
expectations on behavioral or evolutionary grounds (i.e.
animals learn or are selected to forage where profitability
is higher). But even if this simple selective pattern is veri-
fied, mechanisms affecting the decision-making process of
the animals may still remain elusive because: 1) food abun-
dance and its reliable indicators covary, and they may be
spatially associated with factors that also influence patch
quality (i.e. adding costs or benefits), and 2) the stage at
which a selective decision is taken may not be evident (e.g.
as guided patch exploration or as random exploration with
local instantaneous assessment and giving-up rules). We
used a sequence of experiments in a semi-controlled, real-
istic setup, starting from unmodified, naturally-contrasting
field conditions, to isolate the main factor and mechanism

involved in foraging microhabitat selection by the rufous-
collared sparrow Zonotrichia capensis, the most abundant
seed-eating bird in the central Monte desert.

Most of the recently-captured, untrained individuals of
Z. capensis did show a strong general selective pattern over
and above individual, spatial, and seasonal variations. Birds
selected covered aviary sectors as expected by the simplest
hypothesis that seed offer determines directly or indirectly
the selection of a foraging patch. Without further experi-
mental manipulations this preference may be also interpreted
as caused by tree cover (or closeness) or accumulated litter
by themselves or as surrogates of other correlated factor that
modify foraging costs or benefits at the microhabitat scale
(e.g. a lower perceived risk of predation). However, other
potentially relevant simple factors proved not as important.
Birds did not avoid complex substrates in spite of their lower
foraging efficiency on litter (Cueto et al. 2013), mitigated
by the ability of this species (and other sparrows: Greenlaw
1977, Whalen and Watts 2000) to reach buried seeds by
‘scratching’ the superficial substrate with their legs. Although
high summer temperature diminished general foraging activ-
ity (e.g. birds failed to forage or forage for the shortest time
when temperature in the shade was >37°C, a consistent
result with those of field seed removal experiments, Milesi
2006), microhabitat preference by Z. capensis was still strong
in experiments carried out in winter, when direct insola-
tion should not entail negative consequences. Thus, ground
temperature or direct insolation and their effect on thermo-
regulation do not seem necessary or sufficient to explain the
selective spatial pattern found.

Postdispersal seed predation, as other foraging situa-
tions, can be split in two components: 1) patch exploration,
the probability of at least one seed being removed from a
patch, and 2) patch exploitation, the amount or propor-
tion of seeds removed once the patch was explored (‘seed
encounter’ and ‘seed exploitation’ sensu Hulme 1994). In
the algarrobal of Nacufdn, where the spatial distribution of
seed can be predicted all year round (Marone et al. 2004,
this work), granivorous birds should increase their foraging
success by using visual, remotely-perceivable environmental
surrogates that provide reliable information on patch profit-
ability. This would allow them to neglect poor patches before
going through the information cost of their exploration, as
predicted by ‘attack’ foraging models like the classic ‘optimal
patch choice’ and ‘diet’ models (Pyke 1984, Stephens and
Krebs 1986, Ydenberg et al. 2007). However, when the abun-
dance of seeds was swapped between sectors for the trials of
experiment 2, the strong preference for sector CO observed
under natural conditions (experiment 1) reverted: birds for-
aged preferentially where they (quickly) detected that seed
abundance was higher (i.e. sector EX with ‘bad’ values of
natural indicators). This is to be expected if Z. capensis indi-
viduals are deciding on where to forage by the local evalua-
tion of patch quality during patch exploitation. Results from
experiment 3 strengthened the hypothesis that seed abun-
dance is the main factor being evaluated: with similar seed
abundances in both aviary sectors, birds did not repeat the
previous patch preference, even when the other potentially
relevant factors in this experimental setup (litter, tree cover)
were still present. In fact, most birds in the three experiments
frequently explored the alternative sector of the aviary even
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when seed abundance in the initially exploited sector was
high, and any explored sector was quickly abandoned when
it had few seeds. So, despite the strong correlation between
seed abundance and several environmental factors in this
habitat, individual birds did not restrict their exploration
of microhabitat and, instead, used a persistence—departure
rule based on short-term local estimations of foraging suc-
cess during seed search and consumption (i.e. the realm of
‘exploitation’ or classic ‘patch’ foraging models: Stephens and
Krebs 1986, Ydenberg et al. 2007).

Tree cover or a shorter distance to a tree showed some
non-restrictive influence on the initial exploration patterns
of Z. capensis individuals in the aviaries. One interpreta-
tion from the results of experiment 2 is that foraging birds
approach tree cover following a prior expectation of (high)
seed abundance and then update the estimation while
exploiting the patch to decide when to leave the patch
(‘Bayesian foragers’; see McNamara et al. 2006 and other
papers in that issue). However, litter is a better spatial pre-
dictor of seed bank abundance and composition than tree
cover (Marone and Horno 1997) and it was not the clue
guiding the initial exploratory stage as shown in experi-
ment 3 (though the low number of trials may have pre-
vented the detection of weaker spatial preferences after this
initial response). An alternative interpretation that we favor
is that algarrobo canopies are informative cues of forag-
ing costs related to the perception of lower predation risk.
Trees are regularly described as refuges, sites of lower per-
ceived risk and frequent destination of birds flushed at field
for many passerines (Pulliam and Mills 1977, Schneider
1984). According to the predation risk allocation hypoth-
esis (Lima and Bednekoff 1999), birds may have perceived
the start of the trials as a high-risk situation, delaying
foraging to move towards a refuge from where evaluate
danger (Sih 1992, Bednekoff 2007). Such apprehension or
avoidance behavior is consistent with the idea that ‘fear
also affects the use of space to forage (Lima and Dill 1990,
Lima 1998, Brown and Kotler 2004, Cresswell 2008), and
probably reflected the natural response of birds to episodic,
periodical perception of threat. Many other studies have
reported the preference of small birds for foraging closer to,
though not necessary under cover (e.g. sparrows: Schneider
1984, Watts 1991, Repasky and Schluter 1994).

In conclusion, even when some environmental factors
may influence on the probability or order of microhabitat
exploration, individual Z. capensis sparrows seem to forage
according to their short-term evaluation of seed availability
in the patch being exploited. Birds are behaving as myopic
foragers (sensu Mitchell 1989), ignoring the information
embedded in the vegetation structure and litter to avoid low-
quality patches and delaying the leave-stay decision until
profitability is locally estimated, so paying ‘the penalty of
ignorance’ (Olsson and Brown 2006). This decision-making
process does not seem the optimal strategy for efficient seed
predation under the apparently predictable spatial seed
dynamics in the algarrobal of Nacufidn, and it is not obvi-
ous that birds are unable to perceive bold characteristics of
the vegetation or to develop a patch-searching rule based on
them. Local evolutionary adjustment may not be feasible or
convenient because Z. capensis occupies a wide spectrum of
habitats across the Neotropics, from forests to semi-deserts
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to suburban gardens and city parks (Bellocq etal. 2011), and
a fixed behavioral rule that maximizes foraging efficiency in
this habitat may not hold as a good-enough rule-of-thumb
in other habitats. Similarly, a learned foraging rule may be
unattainable because part of the local population of Z. cap-
ensis is nomadic or migratory. Also, such a rule may not
be as convenient as expected for two reasons. First, even
when the association between seed bank and vegetation is
strong and persistent in the algarrobal (Marone et al. 2004,
this work), individual patches at the relevant scale for the
birds may be more variable than we acknowledge as a conse-
quence of consumption and secondary dispersion (and then
the information that they provide would be less valuable;
see Stephens 2007 on the value of information and the need
for sampling). The costs of failed exploration may be coun-
terbalanced by the occasional detection of rich patches that
have structural characteristics associated with low-quality
areas like the scattered depressions accumulating seeds in
exposed areas, an usual feature in Nacuiidn and other des-
erts (Price and Reichman 1987, Marone et al. 2004), or
ephemeral patches of recently-dispersed grass seeds. This
agrees with the big winter decrease in seed abundance in
small natural depressions that accumulate seeds within bare-
soil patches (Marone et al. 2004, 2008). Although expected
foraging yield should be lower in temporally variable patch-
types increasing the chance that the forager neglects them
in favor of the predictable ones (Holt and Kimbrell 2007),
when changes are fairly periodical and travel costs are not
high the optimal strategy for the birds may be to frequently
monitor all types of microsites (Krebs and Inman 1992).
Second, the implicit assumption that birds move between
more or less discrete patches at the scale we recognize
through vegetation may not hold. Models of simultaneous
movement and foraging in which foragers change speed and
turns according to food abundance (Pyke 1984, Arditi and
Dacorogna 1988) may be more appropriate to describe the
exploration of the ground by walking granivorous birds like
that of other grazing herbivores (WallisDeVries et al. 1999).
Although some granivores can detect limits of patches differ-
ing in seed aggregation or abundance (Schmidt and Brown
1996, Fierer and Kotler 2000, this work), the distribution
of patch qualities may defy the cognitive abilities of birds
(Kohlmann and Risenhoover 1998) or their foraging scale
may be much smaller than that at which vegetation provides
useful information (Klaassen et al. 2006). However, in this
experimental setup, with varying conditions among aviary
positions in the field (experiment 1), absolute seed abun-
dance was not a good predictor of foraging intensity within
each microhabitat type (Fig. 1).

Factors affecting both exploration and exploitation of
foraging sites need to be considered, along with the assump-
tions and focal stage within each experimental design, if we
are to integrate partial results for a better explanation of the
spatial component of postdispersal granivory. If we extrapo-
late the conclusions of these experiments to field conditions
in the central Monte desert we should observe 1) no micro-
habitat providing a secure refuge for seeds, at least if they are
defined only according to plant structure, 2) patches closer
to trees having a higher probability of exploration, and 3)
seed exploitation positively correlated to seed abundance
in explored microsites. Two previous local studies found



support for the first two expected patterns: a single-seed
removal field experiment that estimated the patch explora-
tion component by birds (Milesi 2006) and a bird-centered
analysis based on field observations of foraging granivorous
birds that estimated both components of patch use (Milesi
et al. 2008). The third field pattern was not directly evalu-
ated yet in this habitat, and field techniques that evaluate
patch exploitation by modifying the natural patterns of
exploration (e.g. the GUD technique that attracts birds to
highly profitable seed-trays; Brown 1988) may prove useful.
An indirect support for this pattern is provided by Milesi
et al. (2008), whose bird-centered analysis found no sig-
nificant differences in vegetation characteristics between
randomly-chosen and foraging microhabitats of Z. capensis,
an expected result if birds explore open microhabitats more
frequently — as found by single seed-removal experiments
in Nacufdn (Milesi 2006) and in the Chihuahuan Desert
(Thompson et al. 1991) — but spend more time foraging
in profitable covered microhabitats. If this description of
the spatial component of postdispersal granivory is correct,
bird foraging would tend to homogenize the seed bank of
palatable seeds at the microhabitat scale. They would visit
all possible patches but forage selectively in the more prof-
itable ones, which will tend to be depleted to the mean
patch profitability at the habitat level (with the relationship
between profitability and seed density secondarily affected
by foraging costs related to predation risk, substrate or
thermal loads).

Since local granivorous birds do show consistent seed
preferences (Cueto et al. 2006, Marone et al. 2008), this
foraging behavior may also induce indirect interactions
between seed species and favor the coexistence of seeds
occupying different microhabitats (Holt and Kotler 1987,
Chaneton and Bonsall 2000, Veech 2000, 2001). For
instance, birds that keep foraging in patches with enough
preferred seeds may in the meantime consume more subop-
timal (or less-preferred) seeds than if the latter had ocurred
alone in a patch triggering a ‘give up’ response. This is
known as short-term apparent competition: the density of
one species affects negatively the density or survival of the
other through the behavioral response of their mutual pred-
ator. The opposite is apparent mutualism, such as preferred
seeds finding ‘refuge’ in patches with abundant unpalatable
or suboptimal seeds that deter bird foraging. Both kinds of
predator-mediated interactions may affect the abundance
and spatial distribution of grass and forb species whose
recruitment is seed-limited, particularly given the tendency
of some species or group of species to co-occur in the seed
bank of the central Monte desert at the microhabitat scale
(Marone et al. 2004).
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