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Abstract. We studied the effect of solar radiation on the winter biology of Short-toed
Treecreepers Certhia brachydactyla inhabiting a montane forest in Spain. We hypothesized
that, in temperate latitudes of cold winter climate, with low cloudiness and under windless
conditions, birds should select sunlit sites (i.e., forest sectors or trunk patches with high
levels of exposure to sunlight) to reduce the metabolic cost of thermoregulation. At a within-
habitat scale, ahypothesis of *‘ only metabolic benefits” predictsthat birds should select sunlit
patches at shade temperatures (T4.4) below the birds' lower critical temperature (T,.). They
should shift to a random use of sunlit and shaded patches at temperatures above T,.. Alter-
natively, there could be added costs (e.g., travel costs, predation risk) in using sunlit patches.
If higher visibility leads to diminished crypsis at sunlit patches (‘“trade-off with predation
risk’” hypothesis), birds should select only shaded patches at Ty, Values above T, (to enhance
crypsis). They should increasingly select sunlit patches as Tg. decreases below T,.

Treecreepers were selective in their use of sun—shade patches, across different spatial
scales. At the among-plots scale, treecreeper abundance was positively related to the avail -
ability of sunlit trunks, after we controlled for the effects of tree density, prey availability,
and altitude. At the within-plot scale (i.e., selection of foraging patches on trunks and thick
branches), Ivlev’s electivity for sunlit patches decreased linearly as Tg, increased. Birds
preferred to forage on sun-exposed surfaces (electivity >0) when Ty was lower than
~4°C, but they tended to forage on shaded surfaces (electivity < 0) when T, Was higher
than ~9°C. The selection of sunlit trunk patches at low temperatures was not a by-product
of higher food availability, because numbers of prey were much less predictable than
temperature as a function of trunk exposure (sun vs. shade), and the negative relationship
between use of sunlit patches and temperature remained significant when we controlled for
the effects of prey availability. Thus, the selection of sunlit patches at low temperatures
can be interpreted as a behavioral thermoregulation strategy allowing birds to save energy.
However, the Ivlev’'s electivity for sunlit patches became negative at temperatures well
below T,, and no sunlit patches were used when Ty = T, Which led us to reject the
“‘only metabolic benefits” hypothesis.

Photometric measurements of treecreeper taxidermic mounts realistically positioned on
trunk surfaces, and detection times by simulated (human) predators, suggest that treecree-
pers were more detectable under direct solar radiation than in deep shade. Crypsis dimin-
ished in sunlit patches because of a higher image contrast and an increased difference in
perceivable coloration between bird and background, relative to shaded patches. Average
detection times were significantly lower for sunlit mounts. Moreover, focal birds scanned
more frequently in sunlit than in shaded patches. Thus, the observed temperature-dependent
variation in the selection of sunlit substrata is consistent with the ** trade-off with predation
risk” hypothesis predicting that prey should avoid patches where they are more detectable
to potential predators. We interpret the distribution and behavior of treecreepersasindicative
of atrade-off between the energy savings (through higher operative temperature and reduced
metabolic costs) and the increased risk of predation (through higher visibility and diminished
crypsis) afforded by sunlit foraging patches.

Key words:  avian energetics, behavioral thermoregulation; bird abundance; Certhia brachydac-
tyla; crypsis; endotherms; food availability; predation risk; temperature; trade-off; treecreepers.

INTRODUCTION and distribution. Small passerines have high relative
energy requirements (Walsberg 1983, Blem 1990, Hed-
enstrom 1992) because of the small thermal inertia
caused by their high surface/volume ratio and the high
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The need to maintain a favorable energy balance is
one of the potential factors influencing bird abundance
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quence of the inverse relationship between metabolic
rate and ambient temperature (Calder and King 1974,
Moreno et al. 1988). The long, cold winter nights im-
pose additional energy costs, causing some small pas-
serines to lose >10% of their body mass overnight (see
Bednekoff et al. 1994 and references therein), and
eventually threaten their winter survival.

Thermoregulation made up ~42% of the total daily
energy expenditure in aviary-housed Loggerhead
Shrikes (Lanius ludovicianus) with probable low lo-
comotory costs and in Chukars (Alectoris chukar) dur-
ing winter time, with daily operative temperatures ~5—
25°C (Weathers et al. 1984 and Carmi-Winkler et al.
1987, respectively). Thus, any physiological or behav-
ioral strategy that could reduce the metabolic cost of
thermoregulation might help to enhance winter surviv-
al. One such strategy isto gain environmental heat from
external sources, particularly radiation, which has a
pronounced effect in reducing thermoregulatory costs
at low temperatures (Hamilton and Heppner 1967, Lus-
tick et al. 1970, Ohmart and Lasiewski 1971, De Jong
1976, Lustick et al. 1978, 1980). Thus, birdsinhabiting
cold environments should select the patches or local-
ities with a higher incidence of solar radiation. This
form of behavioral thermoregulation could be espe-
cially relevant in mid-latitude montane regions, where
winter temperatures usually remain below 0°C, but
there is a greater availability of calm, longer sunny
days than in higher latitudes.

At aregional, coarse-grained scale, we therefore pre-
dict that the winter abundance of small passerine spe-
cies should be positively related to the amount of solar
radiation received by different localities or habitat sec-
tors. However, such a relationship could be obscured
by between-plot differencesin food availability or hab-
itat structure, which means that any study designed to
examine its importance should control statistically for
the effects of these confounding variables.

A model for the behavioral selection of sunlit
vs. shaded patches

At the within-habitat scale, other factors may influ-
ence the exploitation of sun—shade patches. To work
out our predictions, we make the following assump-
tions. (1) It iswell known (Calder and King 1974) that,
in the absence of convective heat losses (e.g., wind-
speed =0 m/s), metabolic expenditure decreases with
increasing temperature at temperatures below the lower
critical temperature (T,.), and it remains constant within
the thermoneutral range (Fig. 1A). (2) The environ-
mental temperature experienced by birds is aways
higher in sunlit than in shaded patches (AT = Tg,, —
Tewse > 0; AT = 10-15°C in our study area; Mozetich
1995). (3) Thetemperatures available in temperate cold
areas are always below the upper critical temperature
(T, in winter), which implies that there are no ther-
moregulatory costs to the use of sunlit patches (e.g.,
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due to overheating or evaporative water loss; Austin
1976, Weathers and Greene 1998).

Given the shape of the metabolism-temperature re-
lationship (Fig. 1A) and the positive value of AT, the
thermoregulation benefit of using sunlit patches should
vary with temperature, as shown in Fig. 1B: constantly
maximum when Tg .. < T — AT, monotonically de-
creasing between T,, — AT and T,., and no benefit when
Toae = T,. Under windless conditions, a theoretically
optimal pattern of behavior (using metabolic savings
as the only relevant currency for short-term decisions)
would imply selecting only sunlit patches when Ty
is lower than T,., because thermoregulation benefits on
sunlit patches are always positive. When Tg,.4 reaches
the thermoneutral range, birds should shift to arandom
use of sun-shade patches. This shift could follow a
step function (continuous line in Fig. 1C: ““only met-
abolic benefits” hypothesis) if there were no added
costs to the use of sunlit patches, an assumption that
is unlikely on two major grounds (for zero—one rules,
see Stephens and Krebs 1986). First, the availability
of sun-exposed surfaces is expected to change with
time of day. Early in the morning, for instance, there
isalow availability of sunlit patches and environmental
temperatures are low. Therefore, a continuous exploi-
tation of sunlit patches is constrained by their scarcity
and associated high travel costs between them.

Second, and perhaps more important, detectability
to potential predators might increase at sunlit patches
relative to shaded ones, and this could lead to an in-
creased risk of predation. Maximum predation risk nat-
urally occurs at the highest light intensities, and light
intensity can be used as a cue for predator avoidance
(e.q., Clarke 1983, Watanuki 1986, Endler 1987, Clark
and Levy 1988, Kotler et al. 1988, 1994, Wolfe and
Summerlin 1989, Lima and Dill 1990, M. Diaz 1992;
but see Bouskila 1995). However, surprisingly few
studies document the existence of a trade-off between
thermal benefits and increased visibility to predators
in sunlit locations. Here, we hypothesize that such a
trade-off might substantially modify the relationship
between temperature and selection of sunlit patches by
small birds. To proceed with this argument, we need
to assume that detectability increases, and crypsis de-
creases, with light intensity (i.e., exposure to sunlight),
so that predation risk should be higher at sunlit patches.
A second assumption is that predation risk is indepen-
dent of temperature, becauseit isillumination, not tem-
perature, that causes birds to be more vulnerable to
predators.

Figure 1D depictsthe variation in the relative benefit
of exposureto sun at different temperatures. When Ty e
islower than T, — AT, thermal benefitsincrease mono-
tonically with time spent in full sun. At temperatures
in the shade between T,, — AT and T,; (e.g., T, and T,
with T, — AT < T, <T,<T,), theincrease in thermal
benefit reaches a plateau at different values of sun ex-
posure, depending on the distance between Ty + AT
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Fic. 1. A graphic model relating ambient temperature in the shade (T4.), €nergy metabolism, and diminished predation
risk due to enhanced crypsis at shaded patches with treecreeper exploitation of the environmental mosaic of sun—shade

patches. This model applies only to ambient temperatures (both
critical temperature T,.), such as those prevailing in temperate
for the ““metabolic benefit minus predation cost’’ term attained

in sunlit patches [Tg,] and in the shade) lower than the upper
regions during the winter. Here, EX*, is the maximum value
for a given temperature T,; AT is the temperature difference

between sunlit and shaded patches; T, is the lower critical temperature; and Ty is the temperature at which the use of sunlit
patches is unselective (i.e., proportional to its availability). Benefits refer to any common scale (e.g., energy or survivorship)

on which energy saving and predation risk can be measured.

and T,.. When we combine predation costs due to in-
creased visibility at sunlit patches with metabolic ben-
efits at different temperatures (Fig. 1E), we note that
the optimal amount of exposure to sunlight becomes
smaller as Ty, approaches T,.. For example, when Ty e

is lower than T, — AT, the balance increases to reach
a maximum at 100% exposure to sun, so that birds
should only use sunlit patches. At temperature T,, the
balance increases up to a value EX*, of exposure to
sunlight (the maximum, or optimal sun—-shade exposure
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that maximizes the trade-off between metabolic benefit
and predation cost), and then decreases as exposure to
sun keeps rising above EX*,. Finally, when Ty, iSin
the range between T, and T,, — AT, birds face only
costs at sunlit patches (diminished crypsiswith no ther-
mal benefit), and they should remain in the shade. Rep-
resenting the values of exposure to sunlight that max-
imize the balance between metabolic benefits and pre-
dation costs (EX*; values for any i temperature) against
Tewier We Obtain Fig. 1F

Thus, if al these assumptions are met, we predict
three important changes in the shape of the relationship
between selectivity for sunlit patches and temperature.
First, selectivity for sunlit patches should decrease
within the range T, — AT = T4 = T, because the
thermal benefits of sun exposure decrease as temper-
ature approaches T, whereas the risk of predation in-
creases with exposure to sun. Second, birds within the
thermoneutral zone should stay in the shade in order
to enhance crypsis (because T4 = T,. and sunlit patch-
es provide no thermal advantage). Finally, the tem-
perature at which birds randomly use sunlit and shaded
patches (Tg in Fig. 1F) will be lower than T, De-
pending on how rapidly the risk of predation increases
with sun exposure, this displacement toward |lower tem-
peratures will be more or less pronounced. Compare
the predictions derived from the ‘‘trade-off with pre-
dation risk’” hypothesis (Fig. 1F) with those derived
from the step function model accounting only for met-
abolic benefits (i.e., zero—one rule, Fig. 1C).

It should be noted that our predictions will neces-
sarily be qualitative because of a lack of information
about thermal benefits and predation costs on a com-
mon scale. Moreover, an animal’s T, may vary sea-
sonally, with time of day, and depending on whether
the animal isin darkness or light, and fasted or replete.
However, our graphic model (Fig. 1) is ableto evaluate
the “only metabolic benefit” hypothesis, indepen-
dently of the exact values of parameters T, T,. and the
slope of the relationship of metabolism vs. temperature.
Imprecision in the assessment of those parameters af-
fects the slope and set point values of the curvein Fig.
1F but not its markedly different graphic pattern as
compared with Fig. 1C.

Objectives

To test these predictions, we analyzed a natural, eco-
logically relevant scenario, considering a well-estab-
lished physiological basis. Our model organism (a
small insectivorous passerine) and our ecological sys-
tem—(a cold montane forest in south western Europe)
are appropriate for the questions being addressed. The
bird of choice is the Short-toed Treecreeper (Certhia
brachydactyla), an active insectivorous searcher that
forages almost exclusively on tree trunks. On these
feeding substrates, the availability of sunlit and shaded
patches varies naturally within and between trunks,
without being confounded with differences in vegeta-
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tion structure (e.g., shelter) that might also condition
the behavior of birds. This allowed us to identify a
“pure’” effect of illumination on crypsis by eliminating
the confusion between visibility and structural safety.
In other situations, the shaded site differed from the
sunlit one not only in visibility, but also in the security
afforded by the structures that provide shade and refuge
(e.g., rock crevices, dense cover below shrubs, etc.; see
Pianka 1986, Carrascal et al. 1992, J. A. Diaz 1992,
Martin and Lopez 1999).

Our specific goals were:

1) To analyze whether the spatial variation in tree-
creeper abundance is related to the amount of solar
radiation received by different woodland plots, con-
trolling for the effects of food availability and habitat
structure.

2) To analyze whether the selection of sunlit trunk
patches covaries with environmental temperature ac-
cording to the predictions of a model considering only
the metabolic benefits derived from exposure to sun-
light.

3) To test whether treecreepers are more detectable
or perceive higher risk in sunlit than in shaded patches,
which would imply a trade-off between the thermal
benefits of sun exposure and the predation costsderived
from diminished crypsis at sunlit patches. An addi-
tional objective was to analyze whether a model con-
sidering such a trade-off can successfully predict the
observed pattern of covariation between temperature
and selection of sunlit patches.

METHODS
Sudy area

Datawere collected in the Guadarramarange (central
Spain, approximately 40°47' N, 04°00" W). Thisis a
montane area mainly covered with coniferous forests
of scots pine Pinus sylvestris from 1000 to 2000 m
as.l. The axis of the range is west—east oriented, but
there are many valleys with a north—south orientation.
This land pattern defines a considerable amount of var-
iation in the cardinal orientations of slopes and the
amount of solar radiation received by different forest
tracts.

Average duration of day : night time in this area dur-
ing our study period (December—February) is9.9: 14.1
h (daytime range: 9.25-10.5 h, nighttime range: 14.75—
13.5 h). During the winter season, the area has a cold-
continental mediterranean climate. Mean average tem-
perature in December—February of 1997-1998 was
1.1°C at 1850 m as.l. (Navacerrada Pass), and mean
minimum temperature during this period was —1.4°C.
Although harsh winter snowstorms influence the cli-
mate of the area, anticyclonic conditions predominate
during the winter season. Thus, 42% of the days in
December—February of 1997-1998 were cloudless,
with snow precipitation affecting 39% of the days. Feb-
ruary is usually the sunniest winter month, with up to
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74% cloudless days in 1997-1998. These data are rep-
resentative of the long-term meteorological conditions
prevailing at the study area, as indicated by the mean
of 46% cloudless daytime hours computed for the
whole Guadarrama range (1994-1995, CLIMATE da-
tabase version 2.1, W. Cramer, Potsdam, Germany, per-
sonal communication).

Short-toed Treecreepers were censused in pine for-
ests throughout the area within the 15002000 m a.s.|.
altitudinal range. Below 1500 m, the Guadarramarange
reaches the valleys of the Northern Spanish plateau,
providing little variation in the orientation of slopes,
and hence no differences in insolation. The behavior
of treecreepers exploiting sunlit and shaded trunk sur-
faces was sampled in alarge area of Valsain-La Granja
mixed (pine—oak) forest at 1150-1500 m as.l. This
area is covered by an ancient forest with very large
trees, many higher than 20 m. Tree density isrelatively
low (100—200 trees/ha), thusfacilitating the monitoring
of long sequences of treecreeper’s foraging behavior.
Finally, photographs of stuffed treecreepers on sunlit
and shaded trunks were taken in Los Asientos (Valsain-
La Granja area).

Sudy species

The Short-toed Treecreeper Certhia brachydactylais
a small (~8.2 g), insectivorous bird common in tem-
perate forests of the southwestern Palaearctic. It occurs
at middle and lower middle altitudes of temperate
zones, becoming more montane at the southern edge
of itsrange (Hagemeijer and Blair 1997). It isastrictly
arboreal passerine that forages for arthropods on the
trunks of practically any species of tree (Cramp and
Perrins 1993). Winter populations show little evidence
of movement other than postbreeding dispersal. In the
Guadarrama montane woodlands, winter foraging isre-
stricted to the trunks and thick branches of trees (main-
ly Scots pine, Pinus sylvestris, and Pyrenean oak, Quer-
cus pyrenaica; Carrascal et al. 1987). The strictly in-
sectivorous diet and the small size of this bird species
make it an adequate model for the objectives of this
study.

The lower critical temperature for the Short-toed
Treecreeper is 21.5°C (data from winter-acclimated,
postfeeding birds during nighttime; Mozetich 1995), a
value that falls within the range 20—25°C obtained from
allometric equations and from empirical data of phy-
logenetically related, similarly sized species (Calder
and King 1974, Kendeigh et al. 1977).

Arthropod and ambient temperature variation
with exposure to sun

As an approximation to the environmental temper-
ature experienced by foraging birds, we used hollow
copper cylinders (length 5 cm, diameter 1 cm) closed
at both ends except for a small fissure that allowed us
to insert the sensing tip of an electronic digital ther-
mometer (digi-thermo; *=0.1°C precision). We assume
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that these devices are not proper operative temperature
thermometers (due to differences in coloration, insu-
lation, and boundary-layer effects; Bakken et al. 1985,
Bakken 1989). However, previous measurements
showed that, on calm days, copper cylinders and taxi-
dermic mounts (copper models covered by treecreeper
skins) eventually reached the same equilibrium tem-
peratures (see also Vitt and Sartorius 1999). Thus, cop-
per models provided reasonably close approximations
to the taxidermic mounts under the same conditions of
radiant heat loads. At equilibrium, the temperatures of
copper cylinders and taxidermic mounts were almost
perfectly correlated (R? = 0.9995, n = 15, range 3—
40°C; Toount = 0.49 + 0.99 T,jin4e)- Therefore, our mod-
el temperatures reflect and quantify the thermal dif-
ference between sunlit and shaded locations under
windless, cold, winter conditions. Nevertheless, we ac-
knowledge that our measurements could be refined for
wind plus temperature effects by incorporating a stan-
dard temperature scale that would predict selection of
sites for increasing solar exposure and wind avoidance.

Prey availability for treecreepers was estimated by
counting all arthropods >1 mm long found during 2
min at a height of ~1.5 m on the selected trunk (see
Cooper and Whitmore 1990 and references therein).
Arachnids and Diptera accounted for >80% of arthro-
pod numbers both in sunlit and shaded locations. The
scarcity of prey in shaded locations precluded any re-
liable statistical comparison of prey size or type be-
tween sunlit and shaded patches. However, itisunlikely
that these variables differ markedly between sun and
shade, because exposure to sun at agiven trunk surface
changes several times within a single day as a conse-
quence of the shadows cast by other trees.

To assess the predictability of model temperature and
food availability as afunction of exposureto sun (sunlit
or shaded trunk surfaces) and variation among indi-
vidual trees, we recorded the temperature of the copper
tubes and the availability of potential prey on 25 ran-
domly selected trees in the Valsain area (1350 m a.s.l.)
in February 1998. Estimates were repeated twice on
the sunlit half of the trunk and twice on its shaded half,
thus providing an overall sample size of 100 values for
temperature and arthropods.

Significance of the effects was tested using a mixed
repeated-measures ANCOVA model, with sun-shade
as the fixed within-subjects factor, individual tree as
the random factor, and time of day as the covariate.
Variation between the two samples from each tree and
sun—shade level defined the residual variance of the
ANCOVA model. The partition of variance was esti-
mated by means of a multiple regression approach to
ANCOVA, with time of day, exposure to sun—shade,
and individual tree (these later two factors coded as
dummy variables) as independent variables.

Censuses

The abundance of treecreepers was estimated by one
of us (D. L. Huertas), at 20 different 5-ha transects, by
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counting all birds detected along two 25-m survey
belts, one on each side of the progression line. Census
transects were 1 km long (5 ha). Nearly all treecreepers
were first detected by their calls. Treecreepers are not
very noisy birds, but they continuously emit a clear
call and are easy to locate (about one call every 2-5
min). Censuses were carried out between 0800 and
1200 (GMT, Greenwich mean time), always on calm,
clear days. Each plot was censused twice (first in Jan-
uary and then in February 1998) and we used the mean
of the two values as an estimate of treecreeper abun-
dance. The incidence of solar radiation on each census
plot was quantified by counting the number of trunks
with at least half of their ** exploitable’” surface exposed
to the sun along a 10 m wide belt at each side of the
progression line. The exploitable surface of Scots pines
extends over the entire circumference surrounding the
lower part of trunks (~4 m), which has bark that does
not flake away. The upper, flaked parts of trunks are
avoided by foraging treecreepers (Carrascal 1988). The
number of sunlit trunks was highly correlated with the
duration of the daily insolation period (in hours per
day) in each census plot (r = 0.915, n = 20, P < 0.001).
Thus, plots receiving direct sunlight for alonger daily
period, also had more sunlit trunks at midday. In ad-
dition, we also noted the altitude of each census plot
and we controlled two other variables that might also
condition treecreeper abundance (Carrascal 1987): the
number of trees >30 cm in diameter at breast height,
counted within a 25 m radius circle every 100 m along
the transects, and the availability of potentia prey, es-
timated by counting arthropods on the nearest trunk at
every 100 m along the transects.

Selection of sunlit and shaded trunk surfaces by
foraging treecreepers

Focal samples of individual treecreepers were ob-
tained by two of us (L. M. Carrascal and |. Mozetich)
on clear, calm days in three different years (February
of 1996, 1997, and 1998). Although focal birds were
not marked for individual identification, the fact that
samples were obtained in three different years, and
throughout a large extension of pinewood (~100 ha),
reduced the probability of repeatedly sampling the
same treecreepers and thus precluded pseudoreplica-
tion. We tried to follow all individual treecreepers
while we walked throughout the forest. Birds initially
were detected mainly by ear. We followed focal birds
from a distance of =15 m, without disturbing them,
while they were foraging on pine trunks. Sampling
times ranged from 1 to 10 min (145 = 120 s, X = 1
sp; n = 36 birds).

For each focal bird, we used a stopwatch to record
the time spent in full sun and in shaded portions of
trunks. At the end of each sample (truncated at 10 min,
or when it became impossible to keep following the
focal bird), we measured model temperatures and
counted all arthropods found at breast height during 2
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min, in all pine trees used by treecreepers, both in full
sun and in the shade.

Availability of exploitable trunk surfaces exposed to
the sun was visually estimated (at 20% intervals) in
the 10 nearest trunks around the pines exploited by
treecreepers. For those focal birds that foraged in more
than one pine, we averaged estimates of sun availability
over al of the exploited trunks.

In summary, for each focal bird, we estimated the
percentage of time foraging in full sun, the average
availability of arthropod prey on sunlit and shaded bark
surfaces, the model temperature in full sun and in the
shade, and an approximation of the average availability
of trunk surfaces exposed to the sun.

Selection for sun patches was calculated by means
of Ivlev’s electivity index (Ivlev, 1961):

IE = (P, — PYI(P, + P

where P; is the proportion of time spent foraging in
the sun and P, is the proportion of the exploitable trunk
surface that is exposed to full sun.

Treecreeper detectability on sunlit
and shaded trunk surfaces

We used 20 slides of a stuffed treecreeper simulating
a foraging posture on atree trunk to examine whether
the detectability of treecreepers differed between sunlit
and shaded patches (Fig. 2; sample size was 10 in both
illumination conditions). Stuffed birds were obtained
from the bird collection at the Museo Nacional de Cien-
cias Naturales (Madrid, Spain). We asked a group of
skilled birdwatchers (staff of the Vertebrate section at
the Universidad Complutense of Madrid) to find the
bird in the projected slides, and measured their detec-
tion times. Our aim was to detect differences between
sun and shade in detectability for humans and perhaps
other diurnal, visually guided predators, e.g., Sparrow-
hawks Accipiter nisus, weasels Mustela nivalis, and
feral and wild cats Felis spp. We also applied a pho-
togrammetric approach to test the hypothesis that such
differences could be based on differences between sun
and shade in (1) image contrast and (2) color disparity
between bird and background.

Pictures were taken with a 35-mm tripod-mounted
camera (Nikon FOON) with a 70-210 mm telezoom.
The film used was Fujichrome Sensia || 100 ASA. All
pictures were taken with a 81A filter. The diaphragm
was f11 in all pictures to maximize depth of field and
sharpness (especially in slide corners). We used the
circular markings of the spot-metering area on the
viewfinder asvisual guidesto establish therelative size
of treecreepers and to achieve a similar size in all pic-
tures. The tripod was located at a distance of 4.5-7 m
from the trunk where the stuffed treecreeper was placed
(at 1.0-1.7 m above the ground), and the focal length
of the lens was zoomed between 135 and 180 mm. The
picture area was divided into 12 sectors (three vertical
by four horizontal sectors), and we randomly asigned
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Fic. 2. An example of the stuffed bird slides used to obtain photogrammetric measurements and detection times of
simulated (human) predators, both at sunlit (upper) and shaded (lower) locations.

treecreeper position to one of these sectors. Therefore,
there were no spatial cues to locate treecreepers on
slides when pictures were presented to observers.
Slides were digitized using a Polaroid Sprint Scan
35 plus film scanner (1774 X 1124 pixels; file size 5.7
Mb; Polaroid Corporation, Cambridge, Massachusetts,
USA). We defined an area approximately three times

the surface of the taxidermic mount (number of pixels
= 20,541 * 455, mean *= 1 sg; ~75 X 275 pixels) to
carry out photogrammetric measurements of image
contrast. We used Adobe Photoshop v4.0 (Adobe, San
Jose, California, USA) to calculate, for each slide, the
interquartile range of the distribution of pixels on a
gray-scale single-channel image consisting of up to 256
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levels of gray. This range provides a direct index of
image contrast. The dark shadow produced by a bird
in full sun, for example, originates a bimodal distri-
bution of pixels, with afirst peak at the lowest part of
the scal e (the shaded portion of theimage) and a second
peak at its brighter half (the sunlit portion).

We also measured color differences between bird
(mount) and background (trunk surface excluding the
mount). Color disparity was estimated as the absolute
value of the difference between the bird and trunk mean
levels of the distribution of pixels in the red, green,
and blue channels (RGB scal e) provided by Adobe Pho-
toshop v4.0. We tested for the effect of exposure to sun
or shade on color difference using a MANOVA model
with red, green, and blue as the dependent variables.

Human detection times were tested by passing the
slides to a group of 14 birdwatchers who were asked
to find (and to confirm with alaser pointer) the location
of the bird from adistance of 4 m. Slideswereclassified
according to the situation of the taxidermic mount (in
the sun or in the shade). Birdwatchers were questioned
one by one. The size of the projected image on the
screen was 1.5 X 1 m, the actual length of the stuffed
treecreeper being ~17 cm. When birds were detected,
detection times were measured with a stopwatch to the
nearest 0.5 s, up to a maximum searching time of 1
min.

Vigilance and foraging on sunlit and
shaded trunk surfaces

In January—February 1998, we (L. M. Carrascal and
J. A. Diaz) observed the behavior of focal birds as they
foraged in the sun (n = 24 sequences) or in full shade
(n = 28 sequences) in a large tract of a mature forest
where treecreepers were very abundant. We tried to
avoid repeated sampling of the same individuals by
searching in different forest zones. The duration of be-
havioral sequences was 53.2 = 29.4 s (mean * 1 sD;
range 15-126 s). For each focal bird, we noted sun
exposure and time of day, counted the number of pecks,
and measured with a stopwatch the total amount of time
spent vigilant and the overall duration of the sequence.
Scanning behavior was defined as the time that a bird
spent motionless with its beak raised to eye level or
higher (for a similar approach, see Hogstad 1988).

REsULTS

Predictability of temperature and arthropod
availability as a function of exposure to sunlight

Exposure to sun (Fy,, = 2289.4), individual tree
(Fas2sa = 9.4), the interaction between both factors
(Fos5 = 7.2), and time of day (multivariate effect of
covariate: Rao's R = 7.7, df = 2, 23) had a significant
effect on the temperatures available (all P’'s < 0.005).
Thus, temperature was consistently higher in the sun
(X = 26.7°C in the sun vs. X = 12.1°C in the shade),
and some particular trunks had higher temperatures
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Fic. 3. Regression of treecreeper abundance against the
number of sunlit trunks per transect.

than others. In addition, the magnitude of the temper-
ature difference between sun and shade varied among
individual trees. These latter effects are probably re-
lated to the previousthermal history of each trunk (e.g.,
trunks that were in the shade when temperature was
registered, but were exposed to sunlight a short time
before). The combined effects of exposure to sun, in-
dividual tree, and time of day explained 92.3% of the
variance in operative temperatures, of which as much
as 82.2% corresponded to differences between sun and
shade.

Two factors, exposure to sun and individual tree, had
a significant effect on arthropod counts (exposure to
sun: Fy,, = 33.8, P < 0.001; tree: Fy,, = 2.24, P =
0.027), with larger numbers of prey on sunlit trunk
surfaces (X = 2.9 arthropods/2 min of search vs. X =
0.5 in the shade). Neither the interaction between both
factors (F,5 = 1.7, P = 0.107) nor the effect of time
of day (multivariate effect of covariate: Rao’'sR = 2.7,
df = 2, 23, P = 0.126) was significant. The combined
effects of exposure to sun, individual tree, and time of
day explained 51.4% of the variance in arthropod
counts, of which only 18.4% corresponded to differ-
ences between sun and shade, whereas 32.9% was ac-
counted for by differences among trees. Therefore,
food availability was less predictable than temperature,
on the basis of the simple cue provided by the sun—
shade dichotomy.

On aregional scale (i.e., differences among the 20
census plots), radiation and elevation together ex-
plained 33% of the among-plots variance in mean num-
bers of arthropods (F,,; = 4.2, P = 0.033), of which
13.6% corresponded to the effect of radiation (partial
standardized regression coefficient, B = 0.380, P =
0.072) and 19.4% to the effect of elevation (B =
—0.452, P = 0.036). Thus, the altitudinal location of
census plots was a better predictor of food availability
than the incidence of solar radiation.

Covariation of treecreeper abundance
and radiation levels

The abundance of treecreepers was positively related
to the availability of sunlit trunks (Fig. 3) when we
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TaBLE 1. Effect of independent variables on treecreeper abundance.

Independent variable t P % var
Log(no. arthropods) 0.16 1.07 0.303 4
No. sunlit trunks 0.73 5.27 <0.001 59
Altitude 0.38 2.56 0.022 13
No. trunks >30 cm in diameter —0.06 0.46 0.650 0

Note: Regression analysis: 8 = partial standardized regression coefficient; % var = percentage
of variance explained, calculated as 100 X B X Pearson correlation coefficient; df = 15.

controlled for the effects of tree density, prey avail-
ability, and altitude (Table 1). Treecreeper abundance
was also higher at higher altitudes, but it was unrelated
to tree density or prey availability (Table 1). Thesefour
variables explained 76.2% of the variance in treecree-
per abundance (F,;s = 12.0, P < 0.001), the avail-
ability of sunlit trunks being its most useful predictor
(59% of the variance explained).

Selection of sunlit and shaded trunk surfaces by
foraging treecreepers

The use of sunlit patches by focal treecreepers was
negatively correlated with model temperature (weight-
ed by the availability of sunlit and shaded trunk patch-
es, partial standardized regression coefficient, B =
—0.787, P < 0.0001) when we controlled for the effects
of sun availability (B = 0.111, P = 0.459) and prey
abundance, both in the sun (B = 0.126, P = 0.437)
and in the shade (3 = 0.038, P = 0.811). These four
variables explained 51% of the variance in sun expo-
sure among focal birds (F,;; = 8.07, P < 0.001).

The selection for sunlit trunk patches exerted by for-
aging birds (Ivlev’'s electivity index) was negatively
correlated with ambient temperature, independent of
the particul ar temperature statistic employed, i.e., mod-

Electivity for sunlit patches

1.0
12
"8 65420 2 4 6 8101214 16 18 2022 24

Temperature in shaded patches (°C)

Fic. 4. Relationship between treecreepers’ electivity for
sun-exposed bark surfaces and the operative temperature in
shaded patches. The thick, continuous line shows the predic-
tions derived from the ‘““ only metabolic benefits”’ hypothesis
(zero—one rule). The discontinuous lines show the predictions
of the “‘trade-off with predation risk’’ hypothesis. For the
temperature range between 8.0° and 21.5°C, the dashed line
is only approximate, i.e., we predict a negative relationship
between electivity and temperature, but the exact shape of
such a relationship depends on the intensity of the predation
pressure.

el temperature in the shade (r = —0.778; Fig. 4), in
the sun (r = —0.742), or average weighted model tem-
perature (r = —0.787, n = 36 and P < 0.001 in all
cases). The regression line of electivity vs. Ty IN-
tercepts the 0 value of electivity at 6.5°C (95% con-
fidence interval: 3.9-9.0°C). Thus, foraging treecree-
pers actively selected sun-exposed patches at low am-
bient temperatures (below ~4°C in the shade), but they
preferred shaded locations when Ty, Was higher than
~9°C.

Fig. 4 also shows the comparison of our results with
those predicted by the hypotheses of ‘‘only metabolic
benefits” (zero—one rule; Fig. 1C) and *‘ trade-off with
predationrisk’ (Fig. 1F), based on the clear-cut graphic
differences between both patterns. The dataclearly lead
us to reject the predictions of the *“ only metabolic ben-
efits’ model, because electivity for sunlit patches was
negative (i.e., birds avoided sunlit patches) at Ty . val-
ues well below the thermoneutral zone. Moreover, tree-
creepers did not continuously exploit sunlit patches
when Ty Was lower than T, (~21.5°C), and a con-
sistent pattern of shade seeking was observed above
7-8°C. On the other hand, our results partially mirror
the predictions of the ‘‘trade-off with predation risk’
model, because we found a negative relationship be-
tween electivity for sunlit patches and Ty at tem-
peratures below T,.. Nevertheless, data were inconsis-
tent with predictions in that we did not observe a full
selection of sunlit patches at temperatures lower than
T, minus AT (see Introduction). Selection for sunlit
patches increased as temperature decreased, but no fo-
cal bird used only sunlit patches for foraging.

Treecreeper detectability on sunlit and
shaded trunk surfaces

The location of the stuffed bird in sunlit vs. shaded
patches (Fig. 2) had a significant effect on the image
contrast of its surrounding area (one-way ANOVA with
image contrast log-transformed: F,;3 = 57.85, P <
0.001), the contrast being higher in the sun (inter-
quartile range on a gray-scale single-channel image
consisting of up to 256 levels of gray: X = 1 sb = 59.4
+ 12.2, n = 10 slides) than in the shade (28.7 = 6.0,
n = 10 slides). Color disparity between the bird mount
and its background (Fig. 5) was more pronounced in
full sun than in the shade for the three color channels
(Rao’'s R = 4.42, P = 0.019, df = 3, 16; Wilks' A =
0.55). Thus, crypsis diminished in the sun not only
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because of the higher image contrast, but also because
of an increased difference in perceivable coloration be-
tween bird and background.

All mounts in the sun were located by all observers
in less than 1 min, and only three birdwatchers failed
to locate the stuffed bird in less than 1 min when it
was in the shade. Average detection times were sig-
nificantly lower in the sun (1.2 = 1.08 s, X = 1 sb; n
= 10 glides; the figure for each slide is the mean de-
tection time for 14 observers) than in the shade (7.0
+ 3.8s, n = 10; one-way ANOVA with detection times
log-transformed: F,,5 = 24.59, P < 0.001).

Vigilance and foraging on sunlit
and shaded trunk surfaces

The proportion of time spent vigilant by foraging
treecreepers (Table 2) was significantly higher in full
sun than in the shade. Nevertheless, pecking rates did
not differ significantly between sun and shade loca-
tions. The same analysis using net pecking rates (cal-
culated discounting the time spent vigilant; i.e., rough-
ly equivalent to net intake rates), yielded a similar non-
significant difference. Therefore, food intake rates did
not change with exposure to sun or shade, but tree-
creepers seemed to perceive a higher predation risk
when foraging at sun-exposed locations.

DiscussioN

Our results show that Short-toed Treecreepers were
selective in their use of sun—shade patches. This result
was consistent at two different spatial scales. At the
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between-plots level, treecreeper abundance was posi-
tively related to the availability of sunlit trunks (de-
termined by geomorphology and cardinal orientation
of slopes). At the within-plot level, treecreepers pre-
ferred to forage on sunlit bark surfaces of trunks and
thick branches when ambient temperature was low
(Tgwge lower than ~6.5°C), and the intensity of the se-
lection for sunlit patches was higher at lower temper-
atures. These patterns remained unchanged when we
controlled holding for the effects of prey availability.

Although several authors have shown an association
between temperature and the winter distribution of
birds (northern limits and range size; Root 1988, Re-
pasky 1991), little is known about the role that solar
radiation might play in explaining and quantifying their
distribution and abundance. This study, by document-
ing the influence of the radiative environment on the
variation in treecreeper densities under conditions of
cold stress, demonstrates the population effects of the
thermal quality of the habitat (Huey 1991).

Solar radiation could exert its influence on the winter
biology of treecreepers in three different ways. First,
the radiation-induced increase in temperature could fa-
vor areduction of thermoregulatory costs, because be-
low the thermoneutral zone, metabolism falls as tem-
perature rises (Calder and King 1974; see Fig. 1B).
Second, temperature could have a positive, indirect ef-
fect on foraging efficiency through the activation of
arthropods at higher temperatures (Avery and Krebs
1984, see also Results), which would lead birdsin sunlit
patches to achieve higher foraging success. Finally, the
use of sunlit patches could also entail ahigher predation
risk via enhanced detectability on sun-exposed sub-
strates (Endler 1987).

The concomitant effects of solar radiation on ther-
moregulation and foraging success were not controlled
experimentally in this study, because all data were col-
lected under natural conditions. However, our analyt-
ical approach allows us to statistically account for, and
to estimate the magnitude of, each effect. Our conclu-
sion is that arthropod availability did not significantly
affect treecreeper distribution and behavior, and that
the magnitude of its effect was negligible. Three sourc-
es of evidence support this conclusion. First, between-
plot differences in food availability had avery low and
nonsignificant influence on treecreeper density (ac-
counting for 4% of variance). Second, exposure to sun
or shade accounted for alow amount of variance (18%)

TaBLE 2. Proportion of time spent vigilant and pecking rates of treecreepers while foraging
in the shade (n = 28 observations) and in full sun (n = 24).

Variable Shade Sun Fis0 P
Time vigilant (s/min) 45 + 4.1 105 = 44 22.92 <0.001
Pecking rate (no./min) 109 = 7.9 9.1+59 0.42 0.518
Net pecking rate (no./min) 11.6 = 8.2 112 = 7.9 0.05 0.832

Notes: Net pecking rate was calculated discounting the time spent vigilant. Data are means

+ 1 sD.
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in arthropod counts. Instead, food availability depend-
ed mainly on individual tree characteristics that should
be difficult for a flying bird to forecast from a distance
prior toitsarrival at any given particular trunk. Finally,
the feeding success attained by focal birdsdid not differ
between sunlit and shaded patches (0.8% variance ex-
plained by the effect of patch category (sunlit vs. shad-
ed) on pecking rates).

On the other hand, differences in model temperature
between locations in full sun and in the shade were
highly predictable (82% of variance explained) and
substantially large (difference of 14.6 = 6.6°C, X = 1
sp). Considering the equations that relate metabolic
rate to environmental temperature in small passerines
(Fig. 1A), the observed increase of operative temper-
atures at sunlit patches should allow birds to save up
to ~45% of their thermoregulatory costs, a figure ob-
tained using the average of regression parameters for
Parus species in Kendeigh et al. (1977). This energy
saving would become less important when Ty, ap-
proaches the lower critical temperature, T, (recall that
the highest model temperatures recorded during the
study period, roughly 33°C in full sun, were lower than
the critical thermal maximum expected for small pas-
serines; Calder and King 1974). Thus, the advantage
of sun seeking should be higher under lower environ-
mental temperatures.

We hypothesize that solar radiation should exert a
striking influence on patch selection by treecreepers
(and, ultimately, on their distribution and abundance)
through its thermal effect on the bird’s environment.
For our three-year sample of birds, over 95% of the
readings of Ty Were below 21.5°C. This means that
only rarely would some shaded locations fall within
the thermoneutral zone. In this scenario, what is re-
markable is not that the electivity of birds for sunlit
patches was greater at lower temperatures, but that
birds actively selected to forage in the shade at tem-
peratures as low as ~6.5°C. These temperatures are
well below the expected T, for Certhia brachydactyla
(21.5°C; Mozetich 1995) and, indeed, for most holarc-
tic passerinesin winter (Kendeigh et al. 1977). Assum-
ing that water losses do not increase with temperature
within the thermoneutral zone (Weathers and Greene
1998), the ““only metabolic benefits’” hypothesis pre-
dicts that, between lower and upper critical tempera-
tures, the use of sun—shade patches should be propor-
tional to their availability (i.e., electivity = 0O; Fig. 1C).
Alternatively, the “‘trade-off with predation risk’” hy-
pothesis predicts a shade-seeking behavior when tem-
pertaure in the shade equals T, (i.e., electivity ~—1;
Fig. 1F). Thus, the observed shade-seeking behavior
rejects the ““only metabolic benefits” hypothesis, be-
cause it reflects a cost to the use of sunlit trunks that
must be large enough to counterbal ance the energy sav-
ings afforded by sunlit patches.

Our results strongly suggest that this cost results
from the increased risk of predation experienced by
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treecreepers while using sunlit patches. Four lines of
evidence support this conclusion. First, results shown
in Fig. 4 are consistent with the negative relationship
between electivity for sunlit patches and Ty, pPredicted
by the *‘trade-off with predation risk’’ hypothesis. Sec-
ond, our photogrammetric approach demonstrates that
the image contrast and color discrepancy between bird
mount and trunk background were more pronounced
in full sun than in the shade. Third, such differences
influenced the perceptual abilities of visually guided
“‘predators’’: birds on sunlit patches were easier to de-
tect by humans, and detection times were shorter in the
sun. Finally, birds spent more time vigilant on sunlit
patches, which confirms that they actually perceived a
higher risk of being detected by potential predators.

Although predation risk may be traded off against
the thermal quality of patches or habitats, there are
relatively few studies that document such trade-offs
(seereview by Limaand Dill 1990). Grubb and Green-
wald (1982), for instance, interpreted the patch selec-
tion patterns found in House Sparrows (Passer do-
mesticus) as reflecting a compromise between the dis-
tance to cover that may represent a source of predators
(farther is safer) and the energy savings afforded by
cover (closer is warmer). Similar trade-offs between
thermoregulation and predation risk have been postu-
lated in lizards (J. A. Diaz 1992, Martin and Lopez
1999), salamanders (Holomuzki 1986), and fish (Fi-
scher et al. 1987).

Fig. 4 also shows that our data do not perfectly fit
the predictions of the predation risk hypothesis, be-
cause treecreepers did not restrict themselves only to
sunlit patches at temperatures below T, — AT. In fact,
the slope of the observed negative regression between
electivity for sunlit patches and temperature was less
steep than predicted. We can explain such discrepancy
by considering that, in the early morning, when the sun
is low and shadows are long, temperatures are low but
thereisascarcity of trunk surfaces exposed to sunlight.
This could increase the travel costs faced by treecree-
pers when flying to a sunlit trunk. Such interpretation
is supported by the fact that the percentage of time
spent flying by focal treecreepers was negatively cor-
related with Ty (r = —0.476, P = 0.003, n = 36),
which suggests higher travel costs when electivity for
sunlit patches is higher. An alternative explanation is
that the increased length of flying times at low tem-
peratures could reduce thermoregulatory costs (Web-
ster and Weathers 1990).

In summary, we interpret the selection of shade as
a behavioral mechanism for enhancing crypsis. Al-
though treecreepers were difficult to detect because of
their cryptic coloration, our results show that crypsis
was much more effective in shaded patches than in
sunlit ones. Increased detectability would force birds
to ignore the thermal benefits of sun-exposed locations.
Moreover, the selection for shaded sites, and thus cryp-
sis enhancement, increased as the metabolic advantage
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of sun selection became smaller when operative tem-
peratures approached T,. Thus, our results exemplify
the importance of the predator detection subcomponent
of risk (Lima and Dill 1990) not only in promoting the
evolution of morphological adaptations, but also in
shaping behavioral decisions that modulate the short-
term effectiveness of crypsis (Bauwens and Thoen
1981, Dill and Fraser 1984).

In temperate latitudes during winter, possibilities for
minimizing costs of thermoregulation by selecting sun-
lit patches are scarce because of the few clear days
available. Geographical variation in winter cloudiness
defines the background where the interactions that we
have studied may be ecologically relevant for this spe-
cies. Cloudiness varies strikingly with latitude, from
35-40% of the 9-10 h of winter daylight in southern
Europe to 70% of less than 5 h of daylight at latitudes
higher than 50-55° (W. Cramer, personal communi-
cation). Within this wide geographical range, many
passerine species are winter residentsin areaswith high
cloudiness (for example, the Brown Creeper Certhia
familiaris at northern latitudes), which implies that
cloudiness does not necessarily prevent winter resi-
dence. Therefore, the applicability of the thermoreg-
ulatory behaviors described in this paper cannot be
generalized to any environmental condition or geo-
graphical location. They could play an important role
favoring winter energy savings in southern latitudes of
cold continental and/or montane climate, with low
cloudiness and under windless conditions (Walsberg
1986, Wolf and Walsberg 1996). We also predict that
such behaviors should be more important in species
absent from high latitudes in winter, which tend to be
less tolerant of cold stress than their northern coun-
terparts. This is probably the case for the Short-toed
Treecreeper, with a northern limit in its distribution
range that does not reach 55°N (10-13° below the
northern limit of Certhia familiaris). An interesting
extension of this argument is that thermoregulation
might play a prominent role in explaining the impor-
tance of southern mediterranean latitudes as winter
quarters for many European species. Thus, the large
winter densities of small passerines in mediterranean
areas (Carrascal et al. 1998, Telleriaet al. 1999) could
also be explained by adding thermoregulation benefits
to the food availability hypothesis, especially if win-
tering mediterranean populations are not limited by
food availability.
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