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ENVIRONMENTAL AND WITHIN-NEST FACTORS INFLUENCING
NESTLING-FEEDING PATTERNS OF MEDITERRANEAN BLUE TITS
(CYANISTES CAERULEUS)

VICENTE GARCiA-NAVAS!' AND JUAN JOSE SANZ

Area de Zoologia, Facultad de Ciencias Ambientales y Bioquimica, Universidad de Castilla-La Mancha,
Avenida Carlos Il s/n 45071, Toledo, Spain

Abstract. The rate at which parent birds deliver food to their young may depend on several factors, both intrin-
sic (e.g., brood demand) and extrinsic (e.g., time of day). Using PIT tags, we determined patterns of nestling provi-
sioning in the Blue Tit (Cyanistes caeruleus) and the proximate factors affecting them. Over 3 years, we monitored
the rates of provisioning by Blue Tits in two types of forest (evergreen and deciduous) in Cabaiieros National Park
(Spain). Pairs breeding in the deciduous forest visited the nest at rates higher than did those in the evergreen for-
est. Contrary to expectation, males fed their offspring more than females did, and the rates of feeding were posi-
tively related to those of the social partner. Sex roles in provisioning were consistent through the day, suggesting
that parents did not work in concert. Provisioning rates also tended to decline through the day and were negatively
correlated with ambient temperature. In females, but not in males, the adult’s body condition was negatively related
to provisioning effort. There was no relationship between nestlings’ condition and parental provisioning rates. We
found a strong correlation between hourly feeding rates and the total number of feedings registered over a 24-hr
period, which indicates that short-term samples are representative of what occurs over a longer time. Overall, our
study represents a significant contribution to the understanding of proximate factors influencing parental provi-
sioning strategies in altricial birds with biparental care.
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Factores Ambientales y Sociales que Influyen en los Patrones de Aprovisionamiento de
las Crias de Cyanistes caeruleus

Resumen. La frecuencia con la cual las aves proporcionan alimento a sus crias puede depender de varios fac-
tores, tanto intrinsecos (e.g., demanda de la nidada) como extrinsecos (e.g., hora del dia). Aqui, nosotros deter-
minamos los patrones de aprovisionamiento de Cyanistes caeruleus y los factores proximos que los determinan
mediante el uso de microchips. Durante un periodo de estudio de 3 afios, seguimos las tasas de aprovisionamiento
de C. caeruleus en dos tipos de bosque (un habitat escleréfilo y otro deciduo) dentro del Parque Nacional de
Cabaiieros (Espafia central). Las parejas que crian en el bosque deciduo visitaron el nido a tasas mas elevadas que
aquellas que lo hicieron en el bosque esclerofilo. En contra de lo esperado, los machos alimentaron a su descenden-
cia con mayor frecuencia que las hembras y sus tasas de alimentacion se relacionaron positivamente con las de su
pareja. El papel de los sexos en el aprovisionamiento de los polluelos fue consistente durante el transcurso del dia,
sugiriendo que los padres no realizan dicha labor de forma coordinada. Las tasas de aprovisionamiento tendieron
a disminuir con el progreso de la jornada y se relacionaron de forma negativa con la temperatura ambiente. En las
hembras, pero no asi en los machos, la condicion corporal de los adultos se relaciond negativamente con el esfuerzo
de aprovisionamiento. No hubo relacion entre la condicion de los polluelos y las tasas de aprovisionamiento de los
padres. Finalmente, encontramos una fuerte correlacion entre las tasas de alimentacion horarias y el nimero total
de visitas al nido registrado durante un periodo de 24 horas, lo cual indica que las muestras a corto plazo son rep-
resentativas de lo que ocurre en un periodo de tiempo mas largo. En conjunto, nuestro estudio supone una contri-
bucidn significativa al conocimiento de los factores proximos que influyen en las estrategias de aprovisionamiento
de los padres en aves altriciales con cuidado biparental.

INTRODUCTION willingness of parents to invest in parental care should be in-

fluenced by the relative value of the current offspring and the
During brood rearing, parent birds allocate most of their time  parents’ future prospects of reproducing. According to Trivers
and resources to the care of the young (Clutton-Brock 1991).  (1972), parental investment can be defined as “any contribu-
Parental-investment theory (Trivers 1972) predicts that the tion that increases the success of the current progeny at the
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expense of a parent’s ability to reproduce in the future.” Since
it is not plausible (or at the very least, difficult) to quantify the
parents’ decrease in future reproduction, parental investment
can arguably be quantified only indirectly through measures
that are thought to be related to the actual costs. Nestling-
provisioning rates are often used as a surrogate measure of
parental care (see Moller and Thornhill 1998 and references
therein). The frequency with which altricial birds feed their
young has been the subject of a large body of research, pri-
marily focused on the social (e.g., chick age) and environ-
mental (e.g., prey density) factors that determine the level of
parental provisioning.

With regard to life-history factors, a common finding in
these studies is that provisioning rates tend to increase lin-
early with brood size (Gibb 1955, Royama 1966). However,
above a certain level, parents may be unwilling to increase
their food delivery in proportion to the increase in the number
of chicks, as revealed by experiments in which brood size is
manipuled (e.g., Nur 1984, Wright and Cuthill 1990). Accord-
ing to the model of optimal feeding frequency proposed by
Nur (1984) parents should optimize their investment in their
young by weighing the fitness benefits (to progeny) and costs
(to parents) of an increase in feeding frequency. As a result
of this trade-off, the level of food provisioning per nestling
should decline as brood size increases, reflecting parents’
priority for ensuring their own, rather than their offspring’s,
survival when confronted with a high demand from nestlings
(i.e., larger-than-average sized broods; see Rytkonen et al.
1996, Laiolo et al. 1998).

The contribution of each sex to parental care may also
affect overall feeding rates. In general, females invest more
heavily than do males, but the intensity of females’ vs. males’
parental effort is highly variable among and within species
(Davies 1991). The relative investment that each sex makes
in provisioning young has been shown to be related to sev-
eral factors such as the male’s certainty of paternity (Sheldon
2002), division of parental duties (Banbura et al. 2001), and
the partner’s contribution (e.g., Ardia 2007). In relation to the
last, there is controversy over the mechanism by which males
and females respond to each other’s level of effort. In “nego-
tiation” models (McNamara et al. 1999, Johnstone and Hinde
20006), an individual is expected to adjust its parental invest-
ment directly in response to the partner’s effort. In contrast,
some authors (Houston and Davies 1985, Schwagmeyer et al.
2002) have proposed that individuals behave as if they had
committed to a fixed level of effort at the outset, not modify-
ing their parental investment when the partner’s contribution
is altered.

At a nest, provisioning rates may vary with time of day
(e.g., Cowie and Hinsley 1988). Among insectivorous birds, a
common pattern is one of a high level of activity in the early
morning, a decrease during midday, and a slight increase
in the late afternoon (e.g., Knapton 1984). The midday lull
in feeding activity may be the result of the unavailability of
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nonflying insects such as larvae of Lepidoptera (the most
important food for many Passeriformes) during the warmer
hours (Hutto 1981) and/or the effect of midday heat stress on
foraging adults (Tinbergen and Verhulst 2000). In the Medi-
terranean region, where the spring and summer are usually
hot and dry, maximum temperatures should be more limit-
ing for adult birds when provisioning their young than should
minimum temperatures (Nager and Wiersma 1996). This con-
trasts with results reported in northern latitudes, where low
temperatures require parents to spend more time brooding at
the nest, therefore decreasing their feeding frequency (Pra-
vosudov and Pravosudova 1996, Siikamiki 1996, Wiebe and
Elchuk 2003).

Last, habitat quality mirrored in prey density and quality,
as well as in the distribution of these across the birds’ feeding
range, may also have an influence on the frequency with which
parents deliver food to their offspring (Banbura et al. 1994,
Naef-Daenzer et al. 2000, Stauss et al. 2005). Recent studies in
the northern temperate region have revealed that the Great Tit
(Parus major) and Pied Flycatcher (Ficedula hypoleuca) feed
their chicks more frequently in deciduous habitats than in conif-
erous habitats (Magi et al. 2009, Sisask et al. 2010). Meanwhile,
studies on the island of Corsica found that Blue Tits (Cyanistes
caeruleus) breeding in sclerophyllous forests (regarded as habi-
tats “poorer” than deciduous forests) traveled farther in search
of food and provisioned their young at lower rates, but with
larger prey, than did those settled in rich deciduous oak forests
(Blondel et al. 1991, Tremblay et al. 2005).

This study is focused on the parental provisioning behavior
of the Blue Tit, a socially monogamous passerine with biparen-
tal care. Over 3 years, we monitored the provisioning patterns
of Blue Tits breeding in evergreen and deciduous forests in cen-
tral Spain, southern Europe. We examined intrinsic and extrin-
sic factors that influence individual variation in provisioning
rates. We also tested for the existence of sexual differences in
the Blue Tit’s provisioning behavior (number of visits, duration
of the working day) and how parents vary their provisioning ef-
fort through the day (i.e., daily patterns of feeding). We then ex-
plored whether variation in feeding frequencies were related to
phenotypic traits (size, body mass) of the parents and the effect
of parental provisioning rates on offspring condition.

METHODS

STUDY AREA

The study was carried out in Cabaiieros National Park (Ciudad
Real and Toledo provinces, central Spain, 39° 24’ N, 3° 35'W)
during three consecutive breeding seasons (2006—2008). The
park comprises a wide diversity of vegetation types: (1) ex-
tensive grass cover dotted with dispersed trees (holm oak,
Quercus rotundifolia; cork oak, Q. suber), (2) siliceous Medi-
terranean forest dominated by Pyrenean oak (Q. pyrenaica),
strawberry tree (Arbutus unedo), and Spanish heather (Erica
australis) and (3) scrublands composed mainly of gum cistus
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(Cistus ladanifer) and tree heather (E. arborea). The climate
is Mediterranean—continental, characterized by hot and dry
summers and fairly low temperatures in winter. In May (when
most birds rear their young), average temperature and precipi-
tation are 16.4 °C and 43 mm, respectively. We chose two of
the predominant habitats in the park for the location of our
study plots: a deciduous forest (“El Brezoso™) located along a
riverbank and dominated by Pyrenean oaks, and an evergreen
forest (“Anchurones”) located in a floodplain and composed of
holm and cork oaks scattered in a savanna-like configuration.
The two plots stand at a distance of approximately 2 km from
each other. In total, 250 wooden nest boxes, attached to tree
trunks at heights of 2.0-2.5 m, were distributed over the two
study plots (Anchurones, 150; El Brezoso, 100). Nest boxes
were protected from predators (mustelids, woodpeckers) with
wire mesh and a polyvinyl chloride (PVC) pipe fixed through
the hole’s entrance. The density of breeding pairs per hect-
are was higher in the deciduous forest (5.7 ha™!) than in the
sclerophyllous evergreen forest (3.7 ha™).

GENERAL FIELD METHODS

We surveyed nest boxes daily from early April to the end of
June to obtain basic measures of reproduction such as the on-
set of egg laying, clutch size, length of the incubation period,
hatching success, and breeding success (i.e., number of fledg-
lings divided by the number of eggs). By means of spring
traps, we captured parents at nest boxes when their chicks
were 8 days old. We determined the sex and age of each parent
by the presence/absence of a brood patch and plumage char-
acteristics (Svensson 1992), respectively. We measured the
tarsus length (to the nearest 0.01 mm with digital calipers) and
body mass (to the nearest 0.1 g with a pocket balance) of all
trapped birds (95% of males, 98% of females). Parents were
marked with aluminum bands, and most of them (91 males
and 96 females) were equipped with a passive integrated tran-
sponder (PIT) tag (see below). At day 13, we banded and mea-
sured nestlings similarly. We excluded replacement clutches
and broods depredated (by ants or snakes) from the original
data set. Dates are numbered as 1 =1 April.

MONITORING PARENTAL EFFORT

We used frequency of feeding as an indicator of the parents’
activity. We fitted both members of a pair with a microtran-
sponder (Trovan ID 103, length 11.6 mm, mass 0.1g, Trovan
Ltd., Douglas, UK) glued to two plastic bands and wrapped
with a piece of black duct tape. In the presence of an electro-
magnetic field, these microchips produce a unique amplitude-
modulated code signal, providing individual identification
of each bird (for more details on PIT tags see Nicolaus et al.
2008). Upon capture (day 8), we substituted the front of the
nest box with another one with an antenna embedded within
the PVC tube and connected to a data-logging module placed
on the ground. In this way, we recorded the time at which a
bird entered or left the nest. From these recordings, following

a procedure similar to that of Johnsen et al. (2005), we ex-
tracted feeding rates. We found a strong correlation between
parental feeding rates estimated with videotape recording and
those obtained by means of this system (Garcia-Navas et al.
2009). The similarity of the two sets of estimates shows that
the PIT-tag method resulted in realistic estimates of provision-
ing effort. We recorded feeding activity for 48 hr. Here, we
report data corresponding to the last 24 hr (day 10 after hatch-
ing) in order to ensure that feeding activity was not influenced
by human disturbances during the installation of the nest-
monitoring system. Sampled broods hatched from 21 April to
5 June (range, 2006: 26—-56; 2007: 25—66; 2008: 21-54).

A total of 112 pairs were equipped with transponders but
because of transponder loss, desertion/disappearance of one
member of a pair, or missing data for some hours as a conse-
quence of a logger breaking down, we obtained complete data
from 76 pairs (23 in 2006, 28 in 2007, 25 in 2008). Some in-
dividuals were captured more than once (11 males and 10 fe-
males recorded in 2 years; 2 males and 2 females recorded in
3 years), but in each case the bred again with the same partner
as in the previous year. Because mean brood size on day 8 at
the two sites differed (mean + SE, Anchurones: 7.30 + 0.36,
El Brezoso: 6.31 + 0.27; F| = 4.8, P = 0.03) we employed
feeding rates per chick as an estimate of parental feeding ef-
fort. WE used overall feeding rates (total number of visits per
day) when examining the effect of nestling demand (brood
size at day 8) on provisioning behavior. Mean date of hatching
differed significantly by year (mean + SE, 2006: 37.24 £ 1.5,
2007:39.97 + 1.4,2008: 32.25 £ 1.3; F, |(s= 8.7, P <0.001) but
not between study plots (mean + SE, Anchurones: 35.94 + 1.4,
El Brezoso: 36.17 + 1.1; F1’106= 0.1, P=0.58).

The vast majority of studies of parental feeding rates are
based on short-term samples (1-2 hr) under the assumption
that these estimates are representative of the overall number
of visits to the nest by parents over the course of a day. How-
ever, we are not aware of any study in which this has been
tested. We used linear regressions between hourly feeding
rates (from 07:00 to 20:00) and the total number of visits to
the nest to test if short-term samples constitute a good esti-
mate of the daily total amount of effort that parents devote to
feed their offspring.

TEMPERATURE DATA

We recorded maximum, minimum, and average ambient
temperature on day 10 after hatching by means of four Ti-
nytags (Gemini Data Loggers, West Sussex, UK) installed
inside empty nest boxes that were dispersed throughout the
study plots. Tinytags recorded the ambient temperature (°C)
at S min-intervals from April through June.

DATA ANALYSES

We used general linear models (GLM) to analyze the influences
of study year, site (evergreen vs. deciduous forest), date (i.c.,
seasonal variation or calendar effect), brood size (number of



nestlings present at the time of sampling), and ambient temper-
ature (mean, maximum and minimum on day 10 after hatch-
ing) on frequencies of parents’ feeding. In a first step, we tested
whether differences in local conditions (e.g., ambient tempera-
ture) have an effect on the birds’ patterns of provisioning. We
then investigated sex-specific differences in parental provision-
ing, comparing males’ and females’ feeding rates by means of
Student’s -tests. We also employed paired #-tests to explore
whether the relative contribution of each sex to the provisioning
of offspring varied through the day. In a further step, we split
the day into three time blocks (morning, 07:00—11:00; midday,
12:00-16:00, afternoon, 17:00-20:00) to determine at which
time of day rates of Blue Tits’ provisioning were higher. When
feeding nestlings, parents usually start their visits by sunrise
and finish close to sunset (Hinde 1952). We analyzed whether
both members of the pair initiate/finish their feeding activity at
the same time or if the sexes” working hours differ, calculating
the time from the first visit to the nest to the last. We also ana-
lyzed how the amount of time devoted to feeding the offspring
varies through the season, taking into account the number of
daylight hours available for feeding (i.e., the length of the pho-
toperiod, see Sanz et al. 2000). We calculated times of sunset
and sunrise for each date with the program Suncycle (http://
users.telenet.be/suncycle). All times are reported in Spanish
summer time (GMT +2 hr). In subsequent analyses, using the
variance-components module of Statistica 6 (StatSoft, Inc.,
Tulsa, OK) we studied whether individual variation in feeding
rates was related to breeding experience (age) and phenotypic
traits of the parents. We accounted for potential effects of rele-
vant environmental and individual variables: year of study, for-
est type, brood size, time of season, and body size. To avoid
pseudoreplication, we included the bird’s identity as a random
factor. Finally, we examined whether variation in provisioning
rates (total feeding rates) had an effect on the offsprings’ condi-
tion (mean body mass and size).

The models we present are the final results obtained by a
backward deletion procedure: we removed variables from the
starting model when the variance explained did not signifi-
cantly improve the model. Proportions and percentages were
square-root-transformed to approximate normality. Means +
standard error are reported unless otherwise specified.

RESULTS

YEAR AND SITE EFFECTS ON PROVISIONING RATES

Daily feeding rates per chick differed significantly by year
(2006: 38.27 + 3.4, 2007: 91.27 + 6.8, 2008: 58.64 + 2.5;
F,,,=30.5, P <0.001) and between the two sites (F, ,,= 5.9,
P = 0.02). Blue Tits provisioned their young at a higher rate
in the deciduous forest (Anchurones: 54.43 + 5.5, El Brezoso:
71.07 + 4.9 feedings per chick). There was no habitat x year
interaction (£, ,,= 0.1, P = 0.99). The difference between sites

was of approximately the same order of magnitude over the
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3 years (Anchurones, 2006: 30.7 + 7.7, 2007: 82.2 + 7.7, 2008:
64.1 +6.3; El Brezoso, 2006: 44.1 =£6.7,2007: 96.3 =7.7,2008:
64.1 + 6.3 feedings per chick).

Regarding other potential factors that may contribute to
the existence of annual variability and site-dependent effects
on provisioning frequency, we observed that average ambient
temperature differed significantly by year (2006: 20.19 + 0.5,
2007: 16.60 + 0.5; 2008: 13.64 + 0.4, F, .= 45.1, P <0.001)
but not by site (Anchurones: 17.44 + 0.4, El Brezoso: 16.56 +
0.3; F, (,=2.6, P=0.11).

Neither year nor habitat type had a significant influence
on the reproductive output (in terms of breeding success) of
Blue Tits (all P > 0.25). Nestlings’ condition varied by year
(2006: 9.89 £ 0.1 g, 2007: 10.11 + 0.1 g, 2008: 9.99 + 0.1 g;
F, o= 5.7, P <0.01) and differed significantly at the two sites

3

(F| ;= 5.2, P=0.03), mean nestling mass being 10.02 + 0.1 g

at Anchurones and 9.97 £ 0.1 g at El Brezoso.

SEX DIFFERENCES AND EFFECTS OF BROOD SIZE
ON PROVISIONING RATES

The overall number of visits made by the parents increased
linearly with brood size (year: F,,,= 637, P <0.001, brood
size: b= 33.5, F1,72= 33.0, P <0.001), but the adults were un-
able to increase their level of parental effort in proportion to
the increment in brood size. Daily feeding rates per chick de-
clined as brood size increased (year: F,,,=572, P <0.001,
brood size: b=-7.1, Flg= 47.8, P <0.001). There was no sea-
sonal trend in provisioning frequency in either study year
(2006: F' 5, = 0.1, P = 0.70; 2007: F, )= 0.4, P = 0.55; 2008:
F,,;=04,P=0.51).

The contribution of each sex to chick provisioning did
not differ by site (sex x habitat: F,,,=0.4,P=0.70). There-
fore, when analyzing differences between the sexes in the
Blue Tit’s provisioning behavior, we pooled data from both
study plots. Males’ and females’ rates of feeding differed
significantly; females fed their young less frequently than
did males (feeding visits per chick, males: 37.26 + 20.2, fe-
males: 27.24 + 17.5; t = 4.7, n = 76, P <0.001). This pattern
was remarkably constant; the number of visits by males was
significantly higher than that of females for almost the entire
day (Fig. 1). Within a pair, the male’s and the female’s pro-
visioning effort were strongly correlated (Pearson’s correla-
tion, r=0.53, n =76, P <0.001).

DAILY PATTERNS AND ENVIRONMENTAL FACTORS

The rate of parental visits to the nest varied by time of day
(hours from 07:00 to 20:00 grouped by 3 intervals of 5 hr)
(z-test, morning vs. midday; males: ¢t = 11.0, P < 0.001, fe-
males: ¢t = 4.4, P < 0.001, midday vs. afternoon; males: ¢ =
—-1.2, P =0.21, females: t = -3.1, P < 0.01). The general pat-
tern in males was a high activity level immediately after dawn
followed by a notable decrease in the subsequent hours until
midday, at which point the number of visits remained almost
constant (Fig. 1). The activity of females peaked in the early
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FIGURE 1. Pattern of Blue Tits’ visits to the nest (means +

SE, filled dots and solid line, males; empty dots and dotted line,
females) and daily fluctuation in temperature (means + SE, squares
and gray line) by hour of the day. Asterisks indicate significant
differences between sexes for each interval (pairwise comparisons,
n="76; ***P <0.001; **P <0.01; *P <0.05; NS, P> 0.05).

morning, but the pattern of visits did not reach a plateau, in-
stead decreasing irregularly until the end of the day (Fig. 1).
The difference between the sexes’ provisioning rates was
maximal early in the morning (07:00—09:00). During our
study, sunrise ranged from 06:21 to 06:48, sunset from 20:40
to 21:09. Females started to feed their young earlier (females,
mean: 06:57, males, mean: 07:04; t = 4.6, n = 76, P <0.001)
and ended later (females, mean: 21:24, males, mean: 21:04;
t=8.6, n =76, P <0.001) than males, which explains the dif-
ference between the sexes in hours worked (females: 14 hr 26
min, males: 13 hr 59 min; ¢t = 8.6, n = 76, P < 0.001). The
amount of time devoted to feeding the nestlings increased
through the season (Fig. 2, males: »= 0.45, P <0.001; females:
r=0.42, P<0.001).

There was a strong correlation between hourly feeding
rates and the total number of feedings registered over a 24-hr
period (daily feeding rates) in both sexes and at any given time
of day (all Pearson’s coefficients > 0.80, all P <0.001; Fig. 3).

Daily feeding rates per chick were negatively correlated
with mean (year: F,,, = 26.9, P <0.001, mean temperature:
b=-27, F\,,= 835, P <0.01) and maximum (year: Fypn=
26.3, P <0.001, maximum temperature b = —1.8, F = 6.4,
P = 0.01) temperatures but not with minimum temperatures
(year: F,,,=26.9, P <0.001, minimum temperature: F’ n=
1.4, P = 0.24). Analyses of covariance showed that the inter-
action term between sex and ambient temperature was not
significant (£ ,;= 0.5, P = 0.48), indicating that the slopes of
the respective regressions did not differ (Fig. 4). That is, one
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FIGURE 2. Mean time between Blue Tits’ first and last visits to
the nest each day, by date. The gray band indicates the seasonal
variation of photoperiod (daylight hours) in the study area in cen-
tral Spain. Filled dots and solid line, males; empty dots and dotted
line, females.

sex was not more temperature-dependent than the other with
respect to its provisioning frequency.

PARENTAL CHARACTERISTICS AND

EFFECTS OF PROVISIONING FREQUENCY ON
NESTLING CONDITION

Finally, we evaluated the effect of the parents’ morphological
characteristics on their provisioning rates. We accounted for

600 4

Daily feeding rates (24h period)

30 40 50 60

20

Feeding rates for a 1h period (1000 am)

FIGURE 3. Linear regression between feeding rates per chick for
a 1-hr period (10:00—11:00) and the total number of feedings de-
tected over a 24-hr period (daily feeding rate). Filled dots and solid
line, males; empty dots and dotted line, females.
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FIGURE 4. Mean number of visits per chick made by male and
female Blue Tits in relation to ambient temperature on day 10 after
hatching in Cabafieros National Park, Spain. Filled dots and solid
line, males; empty dots and dotted line, females.

the effects of habitat type, study year, and brood size because
these factors explained a significant part of variation in provi-
sioning effort (see above). The results indicated that younger
females fed their young at rates lower than did older females
(first-year breeders: 27.39 + 2.3, older: 30.95 + 3.1, Flg=
8.7, P <0.01) and that females’ body mass was negatively re-
lated to their provisioning frequency (b =-7.0, F| o, = 4.0, P =
0.048); heavier females fed nestlings less often that did lighter
females (Fig. 5). Females’ size (tarsus length) had no influ-
ence on their provisioning frequency (Fg= 12, P=0.28).
We found no significant relationships between either age, size,
or body mass and the males’ feeding rates (all P values > 0.5).

Nestlings’ body mass was positively correlated with their
tarsus length (b= 0.9, F, ;,= 5.7, P = 0.02). Measurements of
nestlings were not related to the frequency of their parents’
provisioning (mass: F| ;= 1.1, P = 0.30, tarsus length: Fig=
0.5, P=0.49).

DISCUSSION

YEAR AND SITE EFFECTS

The Blue Tit’s rates of provisioning differed significantly by
year, being much lower in 2006 than in the other two years.
The difference could partially be explained by the large varia-
tion in weather conditions from one year to another. The 2006
breeding season was characterized by excessively high tem-
peratures (May was the warmest of the last decade with tem-
peratures reaching 36 °C) and low rainfall (30.3 mm in May),
whereas the last two springs were wetter (2007: 76.7, 2008:
74.3 mm) with milder temperatures.
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FIGURE 5. Rates of females’ provisioning (number of visits per
chick) plotted against their body mass after control for other influ-
encing variables: year of study, brood size, and the female’s age.

Parents provisioned their young more frequently in the
deciduous habitat than in the sclerophyllous, which is in
agreement with previous studies that have shown clear hab-
itat-related differences in the Blue Tit’s provisioning rates on
Corsica (Blondel et al. 1991, Tremblay et al. 2005). Blondel
et al. (1991, 1993) hypothesized the discrepancy to be related
to differences in the timing and abundance of food resources
(caterpillar peak) between distinct types of oak habitat (rich-
deciduous vs. poor-evergreen,). Blondel (2007) also sug-
gested such site-specific differences in food supply as the
main factor responsible for the differences between the two
forest types in measures of breeding (e.g., smaller clutch sizes
in evergreen habitats). In our study we did not find evidence
that pairs breeding in the holm oak forest did worse (in terms
of breeding success or offspring condition) than those settled
in the deciduous habitat. In this sense, Diaz and Pulido (1993)
found no relationship between the density of the Blue Tit and
food abundance in holm oak forests of southwest Spain; they
reported that arthropod abundance in the oak canopies was
greater than the birds’ estimated requirements. Thus there is
no a priori reason for these sclerophyllous forests (the Ibe-
rian dehesas, see Telleria 2001) to be considered suboptimal
habitats for this species. The higher frequency of feeding we
observed in the holm oak forest could be related to differ-
ences between the sites in prey type. Preliminary data sug-
gest that the percentage of caterpillars brought to the nest may
be similar in both forests (Anchurones: 69.32 + 6.6, n = 12; El
Brezoso: 67.60 £2.6,n=12, P=0.63), although we also found
that the percentage of large caterpillars (noctuids) in the nest-
lings’ diet was higher in the evergreen forest (Anchurones:
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55.42 +£7.5; El Brezoso: 32.86 + 14.6, n=12, P <0.01; Garcia-
Navas et al., unpubl. data). Therefore, further studies includ-
ing both feeding rates and diet information (prey quality) are
necessary for a better understanding of the determinants of
parental-effort decisions, especially when different forest
types are compared, as we did.

SEX DIFFERENCES AND EFFECTS OF BROOD SIZE

The number of feeding trips per brood increased and the num-
ber of feeding trips per chick decreased with brood size. That
is, the increase in provisioning rates to large broods was ap-
parently insufficient for the increased food demand, resulting
in fewer visits per chick in larger broods, in agreement with
previous studies (e.g., Nur 1984, Rytkonen et al. 1996). None-
theless, we have recently shown that in terms of parental effort
Blue Tits are able to respond in the short term (from one day to
the next) to daily manipulations of brood size (Garcia-Navas
and Sanz 2010). We found that parents provisioning enlarged
broods increased the number of visits but at the expense of
effort in searching (i.e., being less selective in prey choice,
Garcia-Navas and Sanz 2010). This supports the notion that
parents are unwilling to increase their level of investment in a
brook above a certain threshold, even though they may be able
to do so (e.g., Barba et al. 2009).

Trends in the sexes’ provisioning were consistent over
the course of the day (see more below), which suggests that
parents do not work in concert (i.e., they did not complement
each other) as predicted by models based on negotiation rules.
Trivers (1972) suggested that females should invest more in
provisioning young because of their investment in the early
phases of reproduction (egg laying, incubation). Contrary to
expectations, we found that female Blue Tits provisioned their
young less frequently than did their mates, contributing 42%
of the feedings within a pair. Males always took primary re-
sponsibility for feeding nestlings, which has been scarcely re-
ported among monogamous birds (Grundel 1987, Stodola et
al. 2009). The causes and consequences of the sexes’ different
roles during provisioning is a matter of further research. On
one hand, our findings are at odds with some theoretical ap-
proaches (e.g., Winkler 1987), in which the conflict of inter-
est between the sexes is viewed as an evolutionary tug-of-war
between the male and female over the level of parental invest-
ment (each parent preferring that the other provide more care),
resulting in an inverse relationship in the sexes’ effort. Within
a pair, we found a positive correlation between the male’s and
female’s feeding frequencies. This result could equally well be
the outcome of mutual mate assessment based on the partner’s
condition (each member of the pair contributing a sealed-bid
level of effort according to its condition) or the outcome of ne-
gotiation during courtship (Schwagmeyer et al. 2002). On the
other hand, Clotfelter et al. (2007) interpreted a similar result
as the common response of the pair to variation in factors that
influence provisioning effort (e.g., food availability, nestling

demand). Another possibility is that such a relationship arises
as a consequence of the assortative mating of high-quality
birds. In the populations of the Blue Tit we have studied, we
have found the heterozygosity of social mates to be positively
correlated, suggesting that this species may select mates on
the basis of the partner’s heterozygosity (Garcia-Navas et al.
2009). In addition, in males, we observed a positive associ-
ation between an individual’s genetic diversity and feeding
rates. Therefore, it is plausible that mate-choice decisions may
be behind the observed trend.

DAILY PATTERNS AND ENVIRONMENTAL FACTORS
The sexes’ diurnal routines of nest visitation were quite simi-
lar: in both cases visitation peaked in the morning, then de-
clined through the day. This pattern is in agreement with that
reported by Cowie and Hinsley (1988) in a previous study on
provisioning effort in the Blue Tit. Males’ provisioning rates
tended to remain stable after midday, whereas females’ rates
diminished steadily, in a linear fashion (Fig. 3), which sug-
gests that the costs and strategies determining provisioning
routines differed by sex. The sexual difference in provision-
ing effort remained constant except for the first hours of the
day, when males’ feeding rates were higher (Fig. 3). Males
and females also differed significantly in the duration of their
working day; females started provisioning earlier and ended
later than did males. One possible explanation of this result
is sexual differences in the birds’ night-time behavior. For
instance, females evidently roost in their nest boxes during
the breeding period whereas males do not (Cramp 1998, pers.
obs.). Thus it seems that females’ behavioral patterns were
more precisely adaptive, while males apparently did not use
time as well as their partners.

Within each year, frequency of feeding was negatively
correlated with ambient temperature; the number of feeding
trips per chick declined as temperatures increased. Tinber-
gen and Verhulst (2000) pointed out that ambient temperature
may impose an extrinsic limit to energy expenditure (an “en-
ergetic ceiling”) in small birds. Thus it is likely that in warm
environments like those of the Mediterranean basin, parents
are compelled to feed their young less frequently as a result
of increased foraging costs. Such trade-offs could be espe-
cially important during the central hours of the day when tem-
peratures are higher (Fig. 2). Daily temperature fluctuations
and their physiological effect on foraging adults could serve
to explain the observed diurnal variation in provisioning fre-
quencies, especially in males, whose pattern of nest visitation
was inversely related to ambient temperature (an exact mir-
ror image, see Fig. 2). The fact that feeding rates were highest
in the early morning, when prey activity is still limited, sug-
gests that the effect of ambient temperature is more related to
thermoregulatory problems than to low food availability. In
other words, coping with heat stress (increased cost of flight,
need for dissipating the radiational heat load) is the most



plausible explanation for the decrease in provisioning during
midday. Thus our results contrast with those for other species
whose nest-visitation rates are positively associated with in-
creasing ambient temperature, as predicted by the temperature-
dependent food-availability hypothesis (see Low et al. 2008
and references therein). Finally, another plausible explanation
is that the reduction observed during the middle part of the day
may be due to the high rate of provisioning in the early morning
hours because chicks went 8—9 hours without being fed.

On the other hand, we found a strong correlation between
hourly feeding rates and the provisioning effort of parents over
a 24-hr period (see Fig. 3). We chose 10:00 to illustrate such a
relationship because most studies of provisioning behavior are
based on frequencies of feeding during the first hours of daylight,
before noon (usually between 08:00 and 11:00). Our results thus
indicate that short-term samples (hourly feeding rates) are valid
in predicting the total number of feedings over a day.

PARENTAL CHARACTERISTICS AND

NESTLING CONDITION

Next, we examined whether individual variation in frequen-
cies of provisioning was related to aspects of the parents’ body
condition (ornaments excluded). Adults’ size did not predict
their level of parental investment during this stage of repro-
duction. Females’ body mass was significantly related to fre-
quency of feeding: the more frequent the feeding, the lower
the weight of the female. For males, however, there was no
evident relationship between their weight and their frequency
of feeding, which coincides with the findings reported by Nur
(1984) and Gosler (1991). Since we did not weigh females dur-
ing incubation or at the beginning of brood rearing, we cannot
determine if certain females provisioned their young at higher
rates because they were lighter (i.e., a female’s weight deter-
mines her provisioning capability) or if these females were
lighter or lost more weight because they fed their young more
often (i.e., a female’s weight being the consequence, not the
cause). Nur (1984) suggested the second option as the most
plausible hypothesis. The so-called “reproductive stress” hy-
pothesis assumes that reproduction is physiologically costly
and that changes in body condition during breeding should be
interpreted as the result of the energetic demands of this pe-
riod (Nagy et al. 2007, Neto and Gosler 2010). Nevertheless,
we cannot explain why the mass of males did not decrease
with increasing frequencies of feeding since males apparently
worked harder than their mates.

Finally, we did not find an association between parental
provisioning effort and nestlings’ condition (e.g., see Nour
et al. 1998, Migi et al. 2009, Wilkin et al. 2009 for similar
conclusions). However, we have shown elsewhere that nest-
lings’ mass is strongly related to the relative contribution of
tortricid and noctuid larvae to the diet: the higher the propor-
tion of noctuids, the heavier the nestlings (Garcia-Navas and
Sanz 2011). Similarly, Schwagmeyer and Mock (2008) failed
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to find an association between parental deliveries and nest-
lings’ mass, but they found that delivery of the largest food
items predicted both the mass and probability of recruitment
of nestlings. Thus the utility of measuring parental provision-
ing without taking into account prey quality could be called
into question, as frequent feeding does not always guarantee
that chicks are being nourished best (Grieco 2001, Tremblay
etal. 2005, Krist 2009, but see Stodola et al. 2010).

One of our main findings was that, contrary to expecta-
tion, the apparently poorer habitat offered conditions better
than, or at least similar to, those of the ostensibly rich decidu-
ous habitat. This result, and those from mosaics of conifer-
ous and deciduous forests at more northern latitudes (Magi
et al. 2009, Sisask et al. 2010), highlight the risk of extrapo-
lating some rules or well-established assumptions when the
response of organisms to environmental heterogeneity is in-
terpreted. Moreover, in contrast to previous studies of the
Blue Tit (e.g., Banbura et al. 2001), we found that males fed
nestlings more frequently than did females, and that this pat-
tern remained constant throughout the day. This result em-
phasizes the importance of considering both sexes’ roles when
patterns of chick provisioning are analyzed for the sake of a
better understanding of the mechanisms underlying them. To
conclude, our study shows that short-term samples (hourly
feeding rates) are valid in predicting the total number of
feedings over a 24-hr period (daily feeding rates), which has
implications for ecological studies focused on parental invest-
ment and life-history strategies.
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