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Abstract

Parental effort has a direct impact on individual fitness. Theoretical models
exploring how parental effort evolves to cope with offspring demand and
sexual conflicts may differ in the assumptions they make in respect to the
genetic heritability of parental behaviours. Only a few attempts, however,
have been made to estimate the heritability of parental behaviours and their
possible co-evolution with offspring solicitation behaviour. Analysing parent
and offspring behaviours in four generations of cross-fostered broods of house
sparrows, we found that parental effort (food delivery rate) was repeatable
across consecutive broods and heritable across generations. In contrast,
parental response to experimentally induced changes in nestling begging
was neither repeatable across broods nor heritable across generations or
correlated to nestling begging. Thus, the results give no indication for genetic
covariance between begging intensity and parental response, but provide the
first cross-fostering-based evidence for the heritability of parental investment
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levels across generations.

Introduction

Parental care is a fundamental life history trait that
affects individual fitness through its impact on offspring
survival and quality (Clutton-Brock, 1991). The level of
parental care may be shaped by two main conflicts. The
first is the genetic conflict between parents and offspring
over the required amount of parental care (Trivers,
1974). The second is the conflict between two providing
parents (in species with bi-parental care), where each
parent can benefit from minimal investment at the
expense of the other parent (Trivers, 1972).

It is well agreed that the resolution of parent-offspring
conflict over the amount of parental care is mediated
through offspring begging and the parental response to
this begging (Godfray, 1995; Budden & Wright, 2001;
Wright & Leonard, 2002; Hinde et al, 2010). While
theoretical interpretations of this resolution are still being
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debated (see Mock & Parker, 1997; Royle et al., 2002;
Smiseth et al., 2008), at the behavioural level, it is clear
that parents usually increase provisioning in response to
begging (reviewed by Kilner & Johnstone, 1997; Budden
& Wright, 2001) and that such response is probably
adaptive (Grodzinski & Lotem, 2007; Grodzinski ef al.,
2009). It is less clear, however, to what extent parental
effort and parental response to begging are genetically
variable. Evolutionary ‘resolution” models of parent—
offspring conflict implicitly assume that offspring begging
and parental response to it are genetically variable
(Parker & Macnair, 1979; Godfray, 1991, 1995; Rodri-
guez-Gironés et al., 1996; Mock & Parker, 1997; Godfray
& Johnstone, 2000) or even correlated (Feldman & Eshel,
1982). This genetic variability may be maintained if
parent and offspring strategies are continuously (or even
antagonistically) co-evolving (Kolliker et al., 2010), but
may be reduced if they reach an evolutionarily stable
state.

As mentioned above, the second conflict that affects
the level of parental care is that between two providing
parents. In this case too, alternative models may suggest
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different predictions in respect to the genetic variability
of parental effort. Nakagawa et al. (2007) suggested that
the ‘Sealed-bid” model, according to which parents do
not respond to changes in their partner’s investment,
predicts higher levels of repeatability and heritability of
parental effort levels than ‘Negotiation-rule’ models that
involve flexible adjustment of parental effort (McNamara
et al., 1999; Johnstone & Hinde, 2006). Thus, empirical
data on the repeatability and heritability of parental
effort levels may be of interest both to the study of
parent—offspring conflict and parent—parent conflict.

An active area of research on parental investment and
parent—offspring conflict is that of the provisioning of bird
nestlings by their parents. In addition to extensive
research on nestling begging (see Wright & Leonard,
2002), much work has also been carried out on the
environmental and social factors that determine the level
of parental provisioning. These factors include food
availability (Boland et al., 1997), offspring number (Nur,
1984; Ruusila & Poysa, 1998), their age and condition
(Whittingham & Robertson,1993), male relatedness to
the offspring (Lifjeld ef al., 1998; Sheldon & Ellegren,
1998), and the chance for male future reproduction
(Smith, 1995). The genetic basis of variation in parental
provisioning rate or in parental responsiveness to beg-
ging, however, has rarely been studied.

Genetic variation in a behavioural trait is usually
estimated by its heritability (Falconer & Mackay, 1996).
However, in avian species, heritability estimations can be
difficult because of dispersal and death of individuals;
therefore, some studies have used repeatability measure-
ments (the proportion of variance in a character that
occurs among individuals) as an upper limit estimation
for heritability (Freeman-Gallant & Rothstein, 1999;
MacColl & Hatchwell, 2003; Schwagmeyer & Mock,
2003; Gray et al., 2005; Nakagawa et al., 2007). These
studies reported that parental effort (feeding rate at the
nest) is highly repeatable, and in most cases more so for
males. Only a few studies have measured the heritability
of parental effort across generations (Freeman-Gallant &
Rothstein, 1999; MacColl & Hatchwell, 2003), and these
have reported significant heritability estimates. However,
in obtaining measurements without cross-fostering of
nestlings between broods, these studies cannot preclude
possible parental effects or interaction between parents
and their biological offspring as factors that could inflate
their heritability estimates.

The heritability of parental effort or parental response
to begging can be inferred indirectly from the existence
of genetic covariation between offspring begging levels
and parental behaviour (Kolliker et al,, 2000; Agrawal
et al., 2001; Kolliker & Richner, 2001; Kolliker et al.,
2005). Such genetic covariation was found to be
positive in one of two insect species examined (Lock
et al., 2004) and negative in the other (Agrawal et al.,
2001). One attempt to assess this correlation in birds
reported a positive correlation between begging inten-

sity and maternal response to playback calls in cross-
fostered great tits, Parus major (Kolliker et al., 2000).
Thus far, this indirect evidence (but from a carefully
controlled cross-fostering study) provides the only
indication for the heritability of parental response to
nestling begging.

To study the repeatability, heritability, and genetic
covariation of parental behaviour and nestling begging,
we used a large captive-breeding colony of house
sparrows (Passer domesticus). Previously, we reported on
the heritability of nestling begging intensity in our house
sparrow population (Dor & Lotem, 2009). Here, we focus
on parental behaviour. Analysing parent and offspring
behaviours across four generations of cross-fostered
broods, we estimated for the first time the repeatability
and heritability of both parental effort (average provi-
sioning rate) and parental response to changes in nestling
begging across generations and examined possible genet-
ic correlation between parental behaviours and begging
intensity.

Materials and methods

The house sparrow colony

The study was conducted in a large captive colony of
house sparrows in the I. Meier Segals Garden for
Zoological Research at Tel Aviv University from 2003 to
2007. The sparrow population was housed in five
adjacent aviaries (8-12 nesting pairs/aviary). The spar-
rows nested in wooden nest boxes with one compart-
ment for the nest and another, separated by a glass plate
that held an infrared video camera. The sparrows were
fed ad Ilib with a combination of commercial birds’
mixture, boiled eggs, Dora seeds, and fly larvae. All
individuals were banded with an aluminium ring and
three coloured rings to enable individual recognition.
Breeding season lasted from March to August of each
year, allowing many of the same pairs to have up to three
successive broods per season. Nests were monitored for
egg laying and hatching (= day 0), and the identity of
nesting pairs was determined. Before each breeding
season, the sparrows were captured using mist nets. We
released all breeders from the previous year (into the zoo
area), and yearlings were relocated to a breeding aviary
for their first breeding season (see more detailed descrip-
tion in Dor & Lotem, 2009).

Experimental set up

All clutches in the colony were cross-fostered 2-3 days
before the expected day of hatching, resulting in a
random allocation of foster clutches to foster parents.
Cross-fostering was vital to our study as it controls for
parental effects and for possible dynamic interactions
between parents and their biological offspring that may
confound heritability estimates. Cross-fostering also
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provided the possibility to detect genetic covariance
between begging and parental behaviour. Possible bias
in our findings as a consequence of extra-pair paternity
(EPP) are discussed in detail in Dor & Lotem (2009), and
their effect is likely to be small (see Discussion).

Parental behaviour was video recorded when the
nestlings were 3 days old. A day before the video record-
ing, an infrared CCD camera was placed in the designated
compartment in the nest box, to allow the sparrows to
habituate to its presence. The camera was connected by a
30-m cable to a video in a surveillance room. On the
morning of the video recording, the nestlings were
weighed (using OHAUS scales to the nearest 0.1 g),
measured for wing length (with a caliper to the nearest
0.1 mm), and individually marked using nontoxic colour
paints (Tulip®, Duncan Enterprises, Fresno, CA, USA).

Video recording began between 09:00 and 10:00 am, at
least 30 min after we had completed taking measure-
ments and after nestling and parental behaviours
appeared normal (i.e. free from the effects of human
disturbance). After 1 h of video recording (‘premanipu-
lation” session), the two heaviest nestlings were removed
and taken to an incubator in the laboratory for 1 h
(‘chick removal” session), during which they were food-
deprived. Video recording continued for an additional
1 h after the food-deprived nestlings were returned to
the nest (‘nestling return’ session), totalling 3 h of video
recording per nest. The last session, with the two heaviest
nestlings having been food-deprived, was aimed at
creating a marked increase in begging behaviour com-
pared with the first, premanipulation, session, to enable
measurement of parental response to such an increase
(see Results). These two sessions (‘premanipulation” and
‘nestling return’ sessions) comprised a similar number of
nestlings present in the nest, thus being suitable to assess
any changes in parental behaviour because of changes in
begging intensity.

Measuring parental effort and parental response

We analysed all parental visits from the video record-
ings. For each visit, we recorded the time, parental sex,
and the size of each meal (three meal sizes estimated
relative to the parent’s beak size, see a similar method
in Schwagmeyer & Mock, 2008). We also analysed the
nestlings” begging intensity (see next section) during the
‘premanipulation” session and ‘nestling return’ session
(1 h each). From these data, we calculated two parental
behaviours: (1) Parental effort — the rate of parental
feeding visits (number of visits per hour) during the
‘premanipulation” session and (2) Parental response —
the change in parental effort from the ‘premanipulation’
session to the ‘mestling return’ session. Parental
response was further standardized according to the
actual change in begging intensity that occurred in
each nest following our manipulation (see ‘Statistical
analysis’).
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Measuring nestling begging intensity

Begging intensity was used: (1) to measure the actual
changes in begging as a result of our manipulation (i.e.
the removal of the two heaviest nestlings), as well as to
control for variation in the magnitude of changes in
begging across different broods (see Statistical analysis)
and (2) to assess the correlation between the parents’
behaviour (parental effort and response to changes in
begging) and the begging intensity of their biological
offspring (measured in a foster nest), as well as the
correlation with the parents” own begging intensity
measured when they themselves had been nestlings
during the previous year.

We analysed begging intensity during parental visits
throughout the ‘premanipulation” and ‘nestling return’
sessions (1 h of video recording each). To assess begging
intensity, we scored the begging posture of all nestlings at
one video frame sample per second during the first 10 s
of the visit (or until a nestling was fed), using a graphic
scale from 0 (no begging) to 3 (erect position of begging)
(for details see Dor & Lotem, 2009). For each nestling, we
then calculated a mean begging posture score for each
visit and an average score across all visits. These average
begging scores were later standardized to control for
variation in food deprivation and body size (see a detailed
description in Dor & Lotem, 2009).

Measuring the repeatability and heritability of
parental behaviours

Repeatability was calculated from repeated measure-
ments of the same individuals during successive breeding
efforts throughout the same breeding season. These
calculations were made only for pairs that were stable
throughout the entire breeding season (i.e. the same
male and female remained together). Repeatability (r)
was calculated from the variance components of
One-way anNova (Lessells & Boag, 1987) based on the
expression:

r=S/(s + 5)

where S2 is the variance among individuals and S? is the
variance within individuals. Standard errors for repeat-
ability were calculated according to Becker (1984).
Heritability was estimated from the regression of
brood-mean (or mean per offspring sex) on mid-parent
trait values, giving the slope as the heritability estimate
(Falconer & Mackay, 1996). Six females and five males
in our sample provided data for both the offspring mean
values (analysed in relation to that of the biological
parents) and the parent mean values (analysed in
relation to that of the biological offspring). The inclu-
sion of such data is unlikely to bias our heritability
estimates unless heritability itself is heritable, which is
unlikely (i.e. that some family lines have higher parent—
offspring similarity than others so that including three
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generations of such a family would bias our population
estimate). Removing those data that contributed to
offspring mean values from individuals that had already
contributed data as parents did not qualitatively change
the results.

Statistical analysis

Parental feeding visit rate is known to be affected by the
number of nestlings in the nest, and this was indeed the
case for both parents in our study (males: r = 0.48,
P =0.002, n = 37; females: r = 0.39, P = 0.020, n = 35).
To control for this effect, we calculated standardized
parental effort as the residuals from a regression model,
using the rate of parental feeding visits as a dependent
variable (square-root-transformed) and the number of
nestlings as the predictor. We used these standardized
values to calculate repeatability and heritability of
parental effort.

The change in begging intensity as a result of the
nestling manipulation (the temporary removal of the
two heaviest nestlings) varied between nests. To exam-
ine parental response to changes in begging intensity,
we had to control statistically for this variation and
express the change in parental feeding rate relative to
the change expected from the actual change in nestling
begging that occurred in each nest. This was done by
using standardized parental response values taken as the
residuals from a regression model of parental response
and changes in begging intensity. We used these
standardized values to calculate repeatability and heri-
tability of parental response to begging. However, similar
analyses without controlling for changes in begging
intensity generated similar results (not presented).
Statistical analyses were performed using Statistica 7.0
(Statsoft, Inc., Tulsa, OK, USA). Power analysis for
correlation was performed using G*Power 3.1.2 (Faul
et al., 2009). We report means + standard error unless
otherwise specified.

Results

Parental response to experimental manipulation of
begging calls

Experimental manipulation of the nestlings within the
nest was successful in increasing the level of begging
intensity in the nest by an average of 33.4+5.4% (from
0.96 + 0.05 to 1.27 + 0.05), when comparing the period
before nestling removal to the period after they were
returned. In accordance with the increased level of
begging intensity, which occurred in most of the nests
(43 of 48; Binomial test P < 0.001), parents in most cases
increased their feeding visit rate (32/36 for females,
32/37 for males; Binomial test P < 0.001 for both cases),
and on average from 20.3 + 1.5 to 31.7 + 1.7 visits per h
(for both sexes combined).

Repeatability of parental effort and parental response
to begging

Repeatability of parental effort and parental response was
calculated separately for females and males (Table 1). We
found a significant repeatability for parental effort for
both females (0.57 +0.16, P =0.004) and males
(0.51 £ 0.17, P = 0.007). However, no significant repeat-
ability for parental response to changes in begging
intensity was found for either females or males (see
Table 1).

Heritability of parental effort and parental response to
begging

Heritability was calculated from the slope of mid-off-
spring over mid-parent regression using either all off-
spring, sons only, or daughters only (Table 2, Fig. 1). We
found evidence for heritability for parental etffort (rang-
ing from 0.12 to 0.50), but only the heritability between
mid-parents and sons was significant (4 = 0.50 * 0.22,
P =0.049). It should be noted, however, that a single
female offspring that, as a parent, had demonstrated an
unusually low visit rate during the premanipulation
session (only 10 visits per h to a brood of six nestlings)
resulted in the lowest standardized data point in Fig. la,c
(bottom right hand side of each of these graphs), which
clearly deviates from the main correlation. If this data
point is removed, the heritability calculated from mid-
parents and mid-offspring data (Fig. 1a) is significant
(r=0.57, Y =0.49 + 0.21, P = 0.042, n =13). In con-
trast to the positive heritability estimates of parental
effort, the heritability estimates of parental response to
begging were all negative and not significant (Table 2).

Genetic correlation between parental behaviours and
begging intensity

The genetic correlation between begging intensity and
the two parental traits (parental effort and parental
response) was assessed using two different correlations
calculated from our data set: (1) the correlation between
the parental traits and the standardized begging intensity
of their biological brood (parental and biological-
offspring traits were measured in two different nests
because of cross-fostering) and (2) the correlation

Table 1 Within-year repeatability of parental effort and parental
response to begging.

n No R (SE) F P
Parental effort
Female 15 2.11 0.57 (0.16) 3.84 0.004
Male 16 2.24 0.51 (0.17) 3.31 0.007
Parental response
Female 15 2.1 0.14 (0.23) 1.35 0.266
Male 16 2.24 -0.32 (0.19) 0.49 0.921
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Table 2 Heritability estimates of parental effort and parental
response to begging, calculated from parents—offspring regressions.

n r h? (SE) P

Parental effort

Parents—offspring 14 0.286 0.30 (0.30) 0.322

Parents—sons 10 0.634 0.50 (0.22) 0.049

Parents—daughters 8 0.084 0.12 (0.60) 0.843
Parental response

Parents—offspring 14 -0.116 —-0.18 (0.44) 0.692

Parents—sons 10 —-0.053 —-0.09 (0.61) 0.884

Parents—daughters 8 -0.317 —0.36 (0.43) 0.444

between standardized begging intensity as nestlings and
the parental effort and response of the same individuals
as parents (measured in the consecutive breeding sea-
son). We found no significant correlations between
begging intensity and parental response from parent-
offspring correlation (Fig. 2a: r = —0.08, P = 0.74, n = 19)
or from within-individual correlation (r=-0.25, P =
0.213, n = 27). Similarly, no significant correlations were
found between begging intensity and parental effort,
using either of these two methods (parent—offspring
correlation: r = 0.28, P = 0.25, n = 19, Fig. 2b; Within-
individual correlation: r=-0.01, P=0.95 n=27).
Separate analyses of the mother’s and father’s behaviours
in relation to the begging of their offspring gave similar
nonsignificant results.

Discussion

In this study, we used cross-fostering experiments in four
generations of captive house sparrows to estimate the
repeatability and heritability of parental effort and
parental response to nestling begging and to assess
possible genetic covariance between parental behaviours
and nestling begging. We found no evidence for herita-
bility (or even repeatability) in parental response to
begging. We also did not find origin-related covariation
between parental response and begging intensity, which
could have provided indirect evidence for the genetic
heritability of parental response. Similarly, we found no
evidence for genetic covariance between parental effort
(nest visitation rate) and nestling begging. In contrast,
our direct assessment shows that parental effort was
repeatable across consecutive broods and heritable across
generations, especially so for males. This finding provides
the first cross-fostering-based evidence for the heritabil-
ity of parental effort, thus corroborating previous field
studies (without the use of cross-fostering) that indicated
heritable variation in parental effort (Freeman-Gallant &
Rothstein, 1999; MacColl & Hatchwell, 2003).

Before discussing further the implications of our
results, we should consider their strength and robustness.
Several possible biases that could affect the results from
our captive colony are discussed in detail by Dor & Lotem
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Fig. 1 Standardized parental effort for parents and their biological
offspring: (a) mid-parent on mean offspring regression, (b) mid-
parent on mean male offspring regression, and (c) mid-parent on
mean female offspring regression. Slope of the regression represents
the heritability (/%) of parental effort.

(2009). Briefly, we showed that nestling begging behav-
iour and the conditions in our captive-breeding colony
were similar to that of wild populations, that the method
of measuring begging behaviour was sufficiently accurate
to detect significant variation in relation to various
environmental factors, and that the possible effect of
extra-pair paternity (ranges from 1% to 20% in natural
populations; Griffith ef al., 1999; Whitekiller et al., 2000;
Stewart et al, 2006; Edly-Wright et al, 2007) was
negligible, as indicated by our heritability levels of
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Fig. 2 The genetic correlation between parental behaviours and
begging intensity of their biological offspring (measured in two
different nests because of cross-fostering): (a) genetic correlation
between parental response and begging intensity and (b) genetic
correlation between parental effort and begging intensity.

morphological traits (see Dor & Lotem, 2009), as well as
by the significant heritability of parental effort found in
this study.

Another problem to address is related to statistical
power and nonsignificant results. Clearly, the lack of
significant heritable component in parental response to
begging may be attributed to a small sample size.
However, the degree of heritability that might remain
undetected by our analysis was unlikely to be high, as
suggested by the fact that our data were sufficiently
powerful to detect significant repeatability and heritabil-
ity in parental effort. The low repeatability of parental
response to changes in begging suggests that this trait
may simply be too variable at the behavioural level to
allow the detection of a possible heritable component.
Further work on this aspect would certainly be useful,
but we may conclude tentatively that according to the
first cross-fostering-based measurements of the heritabil-
ity of parental response to begging, the heritability of this
trait is low.

Although the lack of significant parent-offspring
genetic covariance may also be attributed to low statistical
power, we were unlikely to have missed strong relation-
ships had they existed in our population. First, the strong
positive relationship between begging and parental
response to begging that was found in great tits was
based on a similar sample size (see Kolliker et al., 2000;
Fig. 2). A power analysis suggests that the probability of
not detecting a positive correlation of the magnitude
reported by Kolliker et al. (2000) in our data was below
0.14 (n = 19, in this study; n = 24, r = 0.676, in Kolliker
et al. (2000); Power (1 — f) = 0.86); and the probability of
not detecting either a positive or negative correlation of
that magnitude was below 0.28 (n = 19, in this study;
n =24, r=0.676, in Kolliker et al. (2000); Power (1 — f3)
= 0.72). Second, the lack of relationship in our study was
based not only on a parent-offspring correlation (7 = 19)
but also on a within-individual correlation (7 = 27). In
both cases, there was no indication for a positive (or
negative) relationship between begging and parental
effort or between begging and parental response. Finally,
the lack of genetic covariance with begging behaviour is
not surprising given that the heritability of begging
behaviour in our house sparrow population was rela-
tively low (Dor & Lotem, 2009). All things considered,
there is no evidence in our data to suggest that parent
and offspring strategies are continuously (or antagonis-
tically) co-evolving in a process that maintains their
genetic variation (Kolliker et al, 2010). However, such
a process may occur on a much finer scale that could
not be detected by our study or that is masked by
different patterns of selection on parents and offspring
that act simultaneously and practically cancel one
another (Kolliker et al, 2005; Hinde et al, 2010).
Alternatively, begging levels and parental response to
begging are based on some uniform genetic rules that
are evolutionarily stable, but generate considerable
variation at the phenotypic level (c.f. Godfray, 1991,
1995; Johnstone, 2004).

The most significant findings of our study are those of
the repeatability and heritability of parental investment
levels, measured by nest visitation rate. Although we
found similar repeatability for males and females, field
studies of house sparrows (Schwagmeyer & Mock, 2003;
Nakagawa et al., 2007) and of other passerines (Freeman-
Gallant & Rothstein, 1999; MacColl & Hatchwell, 2003)
reported higher repeatability values for males. It is
possible that in captivity, females were more protected
from environmental changes and physiological stress and
could thus maintain their ‘intended’ level of parental
effort more easily. In the field, on the other hand,
parental care may be more costly for females than for
males, which makes females less resilient to environ-
mental changes and consequently less consistent in their
parental effort. This may also explain why field mea-
surements of the heritability of parental effort showed
higher heritability levels for males than for females
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(Freeman-Gallant & Rothstein, 1999; MacColl & Hatch-
well, 2003).

In the field, parental visit rate depends on many
factors and may therefore be related to overall individ-
ual quality or foraging ability. Field data on the
heritability of parental visit rate can therefore be
attributed to the heritability of a wide range of traits.
On the other hand, parental effort in our captive colony
was less likely to be dependent on foraging ability or on
individual quality because food was easily accessible.
Thus, parental effort in our study was more likely to
represent individual motivation to invest in parental
care or, in other words, to represent more closely the
genetic component of parental effort. Accordingly, the
heritability found in our captive colony, and possibly
also in previous field studies, may indeed reflect genetic
variation in the preprogrammed baseline level of paren-
tal effort.

It has been suggested that the existence of genetic
variation in parental effort may be more consistent with
the ‘Sealed-bid” model of parent-parent conflict than
with the ‘Negotiation-rules” models (Nakagawa et al.,
2007). However, intermediate levels of heritability may
be consistent with both models. The heritability (and
repeatability) of parental investment observed in our
study was clearly below 1, which leaves much room for
behavioural plasticity that may be expressed during
negotiation (McNamara ef al., 1999; Johnstone & Hinde,
2006; Lendvai et al., 2009).

Finally, an important question to consider is that of
what maintains genetic variation in parental effort
within populations? Although our data do not support
the parent-offspring co-evolutionary scenario (see
above), antagonistic co-evolution between males and
females and negatively frequency-dependent selection
are interesting possibilities for future exploration. As high
parental effort tends to reduce longevity in the parent
(Clutton-Brock, 1991; Owens & Bennett, 1994), envi-
ronmental fluctuations in the probability of survival may
generate oscillating selection for high and low levels of
parental effort that may covary with longevity and
perhaps with other traits as well (see Wolf ef al., 2007).
Such ideas gain increasing relevance in light of the
evidence for genetic variation in the level of parental
effort that was found in this study.
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