


Table 6.1. Description of the 18 microsatellite loci used to calculate heterozygosity, including the number of alleles (k), product size
range, annealing temperature (T), repeat motif of the locus, expected heterozygosity (Hg), and observed heterozygosity (Ho), for 46
female house sparrows.

8

Locus k Product T(°C) Repeat motif He Ho Locus reference
size (bp)
Dpul6 3 140-144 TDT  (AC)12(GC),ACGCAC(GC), 0.41 0.35 Dawson et al. 1997
FhU2 12 126-164 56 (CN2 0.83 0.86* Ellegren 1992
INDIGO41 14 295-335 54 (TAGA); 0.77 0.65 Sefc et al. 2001
Myc4 10 175-199 60 (GT)6AT(GT), 0.88 0.60* Double et al. 1997
Pamo12 11 235-257 55 (G 0.80 0.83 Izumi et al. 2009
Pdop3 13 120-176 54 (TCCA)g 0.88 0.85 Neumann & Wetton 1996
Pdops 13 218-278 59 (CA)x 0.85 0.85 Griffith et al. 1999
Pdop6 34  315-481 59 (GAAA) 0.96 0.82 Griffith et al. 1999
Pdo9 17 382-460 56 (AAT)g 0.88 0.60* Griffith et al. 2007
Pdo10 14 113-153 60 (CA) 19 0.90 0.85 Griffith et al. 2007
Pdol17 14 208-256 60 (CA)15(GA)1(CA);GACG(CA),G(CA)s(TA)(CA)s  0.89 0.80 Dawson et al. 2012
Pdo22 11 117-141 60 (CA)(TA), 0.73 0.76 Dawson et al. 2012
Pdo33 19 235-291 60 GA(CA)/[GA(CA);]:GA(CA) 15 0.92 0.78 Dawson et al. 2012
Pdo34 12 183-211 50 (GTN)s 0.85 0.76 Dawson et al. 2012
Pdo40 14 306-346 50 (GT),GG(CT),(GT), 0.89 0.93 Dawson et al. 2012
Pdo44 16 226-268 60 (CA).4 (GA);AA 0.87 0.87 Dawson et al. 2012
Pdo47 12 182-212 60 (CA)7 0.82 0.78 Dawson et al. 2012
PdoF09 7 135-155 53 (G 0.80 0.83 Garnier et al. 2009

* loci that significantly deviate from Hardy-Weinberg equilibrium after sequential Bonferroni correction for multiple tests
1 touchdown profile where annealing temperature dropped from 62 to 50 °C by 1 °C per cycle, followed by 50 °C for 30 cycles



Table 6.2. A comparison of nestling provisioning measures from all observations
performed on the 46 female house sparrows selected for the current study and all other
breeding females at the study site (n = 95) at the study site. Feeding rate is measured in
trips per hour, variance in interfeeding interval is measured as the standard deviation of
all interfeeding intervals (measured in seconds) during an observation, and large item rate
is measured as the proportion of large items to all known items brought back to the nest
multiplied by the overall feeding rate.

Selected females All females P-value
Nestling provisioning Range Mean SE Range Mean SE
Feeding rate 0-387 104 05 0-295 109 06 04
Interfeeding interval variance 0-2387 276 125 0-2530 266 178 0.5
Large item rate 0-194 33 03 0-159 303 04 04
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Table 6.3. Results of the mixed model analysis of nestling provisioning reaction norms

for 46 female house sparrows. Female identity and individual by environment

interactions were included in all models as a random effects. Estimated variances in
individual slopes across selected environments are reported as “slope” and covariance
between slope and intercept terms are reported as “cov”. All fixed effects are within-
individual effects unless noted as “between,” in which case they are between-individual
effects. Heterozygosity was included as a between-individual effect to test its effect on

each measure of provisioning.

Measure of
provisioning Variable Effect £ SE F (DF) P-value
Feeding rate Female ID 53+15
(trips/hr) Cov Female ID*nestling age 0.82+0.3°%
Slope Female ID*nestling age 0.17+0.1
Cov Female ID*partner rate 0.20+£0.1
Cov Partner rate*nestling age -0.02 £ 0.04
Slope Female ID*partner rate 0.05+0.02°
Residual 150+1.1
Intercept 14629
Nestlings (between) 1.0+£0.7 2.3 (1, 52) 0.14
Attempt 15+05 8.0 (1,392) 0.005
Date -0.06 + 0.02 13.5 (1, 396) 0.0003
Nestlings 0.99+0.2 22.6 (1,406) <0.0001
Nestling age 11+0.1 87.9 (1,42.7) <0.0001
Female age -0.83+0.3 5.9 (1, 396) 0.02
Partner feeding rate 0.09+05 2.9 (1,40.8) 0.09
Partner rate*date -0.005 £ 0.001 12.9 (1, 434) 0.0004
Partner rate*nestlings -0.07 £0.03 4.6 (1, 375) 0.03
Partner rate*female age -0.23 £ 0.05 17.7 (1,425) <0.0001
Heterozygosity -54+3.6 2.2 (1,39.8) 0.15
Variance in Female ID 0.01 £ 0.009
interfeeding Cov Female ID*nestling age 0.002 £0.003
interval Slope Female ID*nestlingage  0.002 +0.002 ®
(standard Cov Female ID*partner rate 0.002 +0.0012
deviations in ~ Cov Partner rate*nestling age  0.00004 + 0.0005
seconds)* Slope Female ID*partner rate  0.0002 + 0.0002
Residual 0.23+£0.02
Intercept 52+0.2
Attempt -0.13 £ 0.06 4.4 (1,384) 0.04
Date 0.003 +0.002 3.9(1,378) 0.05
Nestlings -0.11 £0.02 19.7 (1,388) <0.0001
Nestling age -0.05+0.01 12.7 (1,40.4) 0.001
Partner feeding rate -0.02 £ 0.005 11.3(1,32.1) 0.002
Heterozygosity 0.31+0.3 1.1 (1, 34) 0.31

(continued)
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Table 6.3. (continued)

Measure of
provisioning Variable Effect + SE F (DF) P-value
Likelihood of Female 1D 0.17+0.2
bringing large  Cov Female ID*partner rate -0.01 £0.02
items Slope Female ID*partner rate  0.005 +0.003 °
(logit of large Year (random) 0.40+02°
items/seen Intercept -58+1.1
items)” Date 0.007 +0.002 10.1 (1, 418) 0.002
Nestlings 0.08 £ 0.07 1.2 (1, 418) 0.27
Nestling age 0.16 +0.03 22.8(1,418) <0.0001
Partner rate 0.09 £0.02 17.8 (1, 30.0) 0.0002
Partner rate*date -0.001 £0.0004  11.6 (1,418) 0.0007
Partner rate*nestlings -0.04 £0.01 8.8 (1,418) 0.003
Partner rate*nestling age -0.02 £ 0.006 15.3 (1, 418) 0.0001
Heterozygosity 44+1.4 10.0 (1, 26.5) 0.004

! Log transformed
2 From GLMM model of binomial using logit link and Kenward-Rogers estimation of

denominator degrees of freedom
& Significant random term tested with likelihood ratio test

® Significant random term tested with covariance test in GLIMMIX
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Figure 6.1. The relationship between rate of feeding trips by 46 female house sparrows in
which they brought large items and genetic heterozygosity.
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CHAPTER SEVEN

Are smart birds better parents? Problem-solving ability and
parental care behavior in free-living house sparrows

Foraging can be a complicated task that requires cognitive skills (information
acquisition, processing, and storage) and behavioral plasticity (Stephens et al. 2007;
Shettleworth 2010). Foragers must find resources that are scarce, cryptic, and variable in
space and time. Individual variation in foraging could arise from a wide variety of
attributes, such as foraging style or efficiency, or the ability to cope with uncertainty.
Indeed individual foragers are known to differ in foraging style (Barnard & Sibly 1981)
and foraging efficiency (Lescroél et al. 2010). The way individuals cope with uncertainty
also varies — they vary in the sampling rate of the environment (Shettleworth et al. 1988),
sensitivity to variance in the environment (Ratikainen et al. 2010), and the way they
process information (Mathot et al. 2012). Individual variation in these components of
foraging must have a neurological or cognitive basis, though this remains untested. For
example, variation in foraging could be due to variation in the ability to learn the cues of
food or to find innovative solutions to obtain and handle cryptic or difficult food items.
Thus, an individual with better cognitive abilities will pay lower foraging costs and reap
higher benefits when attempting to find resources than those with poorer cognitive
abilities. This could be especially important when parents are providing food for rapidly
growing, dependent offspring under variable environments (Ydenberg 2007).

Parental care behavior exhibits considerable variation within a population, where
it is known to be influenced by environmental variables, such as the time of season
(Ringsby et al. 2009), number or age of offspring (Breitwisch et al. 1986), or the
contribution of a partner (Wright & Cuthill 1989). Despite evidence that individuals
respond plastically to variable conditions, recent research has found that parents provide
individual-specific levels of care (Schwagmeyer & Mock 2003; Nakagawa et al. 2007;
Dor & Lotem 2010; Westneat et al. 2011). After accounting for many of the
environmental variables that influence care, individuals still differ significantly in both
their level and plasticity of care (20% of the variation in care can be due to individual
identity; Westneat et al. 2011; Chapter 8). Because selection acts on individual
phenotypes, specifically studying individual variation is critical to understanding the
evolutionary response to selection on phenotypically plastic traits like parental care.
Although there are several potential explanations for consistent individual differences in
parental care behavior (e.g., hormonal differences, Angelier & Chastel 2009), the idea
that it could be due to cognitive differences among individuals is potentially important
and represents a novel explanation for the existence and maintenance of phenotypic
variation at the individual level.

Support for the idea that cognitive ability may influence variation in parental care
can be found in comparative studies of feeding innovation, which is defined as the
frequency of new and unusual feeding behaviors, including frequent changes in foraging
techniques or diet, eating a surprisingly large range of foods, and/or using new food
handling behaviors in novel situations (Sol et al. 2002). These studies have found that
feeding innovation is correlated with brain size in primates and birds (Lefebvre et al.
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1997; Timmermans et al. 2000; Reader & Laland 2002; Lefebvre et al. 2004; Sol et al.
2005). In carnivores, the extent of parental investment by females is correlated with brain
size (Gittleman 1994), and a comparative study in birds uncovered a relationship between
brain size and the degree of pair bonding and biparental care (Shultz & Dunbar 2010).
Differences in cognitive ability at the individual level may have driven these interesting
between-taxa patterns.

Lab studies have found that there is a neurological basis for individual differences
in some behaviors (e.g., coping style; Koolhaas et al. 2010), and individuals with
different coping styles vary in their learning ability (Bolhuis et al. 2004). Few studies
have attempted to examine the cognitive abilities of organisms in the wild, but of those
that have, individual variation has been found to exist (Cowie et al. 1981; Healy & Hurly
1995; Morand-Ferron & Quinn 2011). | tested the hypothesis that individual variation in
the ability to solve a foraging task can explain variation in components of the parental
care reaction norm in free-living house sparrows (Passer domesticus). There is reason to
suspect individual variation in foraging skill may be linked to cognitive ability in house
sparrows. The house sparrow’s success as an invasive species has been attributed to their
remarkable behavioral flexibility, especially in regards to feeding and foraging (Sol et al.
2002; Martin & Fitzgerald 2005). For example, wild house sparrows have learned to open
automatic doors to obtain food (Breitwisch & Breitwisch 1991) and forage on the grills of
cars for insects (Simmons 1984). Sparrows are also known to steal food from other bird
species (Barrows 1889), pierce flowers to eat nectar (Stidolph 1974), and pry bark off
trees to find insects (Lowther & Cink 2006). Because this species performs such a wide
variety of innovative foraging techniques, it appears that house sparrows are ideally
suited for testing how cognitive ability in a foraging context is related to parental care.

| tested the ability of parent house sparrows to complete a goal-oriented, problem-
solving task in the wild. This task required parents to employ specific foraging methods
to obtain food items. Next, | used a behavioral reaction norm approach to independently
quantify two measures of parental care (nestling provisioning rate and the likelihood of
provisioning large food items) collected from parents that participated in the foraging
trials. Finally, | tested if variance in cognitive foraging ability contributed to consistent
differences between individuals in the level care they provided to offspring. Variation in
parental care behavior, driven by differences in cognitive ability, may lead to differences
in reproductive success among parents. Therefore, | also tested if individuals with better
problem-solving abilities had higher nestling survival rates.

Methods
Study site and population

This study was conducted on a nest box population of house sparrows in 2011 and
2012 at the University of Kentucky’s Agricultural Experiment Station, located just north
of Lexington, KY (38°06"N, 84°29"W). The study site consists of agricultural and
pastoral fields, and multiple barns used for stabling horses and storage. | monitored a
total of 60 house sparrow nest boxes located on the outside walls of four barns (10 to 20
nest boxes per barn). House sparrows in this study population breed continuously from
March through August of each year, with each pair attempting one to six clutches per
season. Females in this population lay an average of five eggs per clutch with a range of
one to eight eggs (Westneat et al. 2009). Eggs hatch after approximately 10 days of
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incubation, and altricial nestlings remain in the nest and are fed by the parents for 14 to
17 days. This species has bi-parental care; both sexes forage and provide food (primarily
insects) to dependent nestlings throughout the nesting cycle, and both sexes defend a
small territory (1 — 2 m®) centered around the nest from conspecific intruders (Lowther &
Cink 2006). Adult sparrows weigh approximately 28 g at maturity (Lowther & Cink
2006).

Adult sparrows breeding in the boxes provided for them at the study site were
trapped with mist nest and seed-baited cage traps. Each bird was banded with a
numbered, metal USGS band and a unique combination of colored plastic bands so they
could be identified by sight. I collected standard body measurements from each bird at
the time of capture. Birds banded as nestlings or juveniles that returned to breed at the
site could be aged precisely, while birds banded as adults were assigned a minimum age,
which assumes they were in their first breeding season. Beginning in March of each year,
I checked each nest box twice a week for nest building and breeding activity. Active nests
were checked at least three times a week to identify the day the first egg was laid and the
day the eggs hatched. I continued to check active nests at least three times per week until
nestlings were banded with a metal USGS band approximately 10 days after hatching.
Nest survival was calculated for each nest as the proportion of nestlings that fledged from
the nest out of the number of nestlings hatching.

Foraging trials

| tested the ability of parent sparrows to perform a goal-oriented, problem-solving
task using test platforms attached to the side of the barn within 0.5 m of each nest box.
The test platform consisted of a 23 x 23 cm board with nine, 3.5 cm diameter holes cut
into the flat side of the board. The holes were arranged in a 3 x 3 pattern and each
contained a 1.5 oz plastic cup secured to the board with clear tape (Figure 7.1a). The
platform was protected from the elements by a 25.5 x 25.5 cm vinyl roof attached ~26 cm
above the platform. These platforms were erected at approximately 40 nest boxes in
February of each year (in 2011 and 2012) before breeding began and removed each
August.

I trained parent sparrows to use this test platform as a location to find food in two
steps. First, approximately four days after the first egg was laid in a clutch, I began
adding white millet to the test platform and the platform roof (the roof was more visible
than the platform from the nest box). In 2011, a small amount of millet mixed with sand
was added daily to each cup in the platform, while in 2012, each cup was filled daily with
only millet. This feeding regimen continued for approximately 10 days. Second,
approximately two days prior to the eggs hatching, | emptied all cups in the test platform
and began adding two to three mealworms (Tenebrio molitor) and/or wax worms
(Galleria mellonella) to each cup twice daily (once in the morning and once in the
afternoon). At this time, | also added nine, ~20 g, 4 cm diameter, metal washers around
the edge of the platform to acclimate the birds to their presence (Figure 7.1a). This daily
feeding routine continued for four to five days.

When the nestlings were approximately three days old, | created a problem-
solving task at the first food replenishment time. Two mealworms or wax worms were
placed in each cup on the platform, and then the metal washers were moved to cover each
hole (Figure 7.1b). The sparrows were able to see the insect food through the central hole

89



in the washer, but the hole was small enough that the bird could not reach the food. To
access the food, the bird had to figure out how to move the washer and gain access to the
cup beneath. The motor skills used to solve this problem, such as pushing, pulling, or
flipping objects, are unlikely to be innovative skills for house sparrows, but the
application of these techniques to a series of large metal washers covering cups
containing food is probably novel (Webster & Lefebvre 2001; Roth et al. 2010). After the
washers were placed on the cups, a small amount of millet (~20 seeds) was scattered
across the test platform to encourage the parents to investigate the platform. I performed
these trials in the morning (mean + SD observation start time: 9:50 am + 1.3 hrs), and
video recorded the activity at each platform for 1 hour. Video cameras were concealed in
a small enclosure located 1 to 5 m from the nest box; all videos were scored later. After 1
hour, all washers were removed from the cups and replaced around the edge of the test
platform. I replenished insect food on the platform at the second feeding time and the
birds were allowed to feed freely. The problem-solving task was repeated following this
same process on the next day.

These trials were conducted on a total of 49 breeding attempts in 2011 and 33
attempts in 2012, and included 110 unigue parents. Parental care data were analyzed for
all 110 birds that underwent this protocol (described below), but foraging test data could
only be analyzed for the 77 birds that participated in the trial (birds that landed on the test
platform during the trial). A preliminary viewing of the recorded trials was performed to
identify trials in which birds came to the platform and trials in which birds solved the
task. Although individuals experienced multiple trials of the foraging task, I restricted the
analysis presented here to only include the first trial where an individual solved the
problem for those birds that were solvers, or the first trial an individual participated in for
those birds that were not solvers. In each of these trials, | recorded which individual
solved the problem by removing a washer to obtain the food. For those individuals that
solved the problem, | recorded the latency to solve for one washer within that trial (the
length of time from first landing on the platform to first removing a washer) and the total
amount of time spent on the platform before solving within the trial. Additionally, for
individuals that opened more than one washer within a trial, | recorded the amount of
time spent attempting to open each washer in the trial to produce a learning curve (i.e.,
the slope of the best-fit line of time spent trying to open each washer over the number of
washers opened; Figure 7.2a).

Parental care

Parental care data was collected from most house sparrows in this study
population from 2008 to 2012. To increase the number of repeated parental care
observations for each of the 110 birds in the current data set, | used all observations
performed on an individual from 2008 — 2012, not just the observations performed in
2011 and 2012. Observations of nestling provisioning trips made by parents were video
recorded two to three times per brood in ~2 hour blocks. In 2008, 2009, and 2011 each
brood was recorded twice, when nestlings were approximately 5 and 7 days old, while in
2010 and 2012 each brood was recorded three times, when nestlings were approximately
3, 6, and 9 days old. Recordings were performed in the morning (mean + SD observation
start time: 8:45 am + 1.2 hours) and always completed prior to providing food to the
parents on the test platform. Prior to initiating the parental care recording, any food on
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juvenile birds are typically poorer foragers than adults (Sullivan 1989; Yoerg 1998), it is
less clear how foraging proficiency changes as adult birds age (but see Desrochers 1992).
Because subjects used in this study varied considerably in age (1 to 6 years old), it is
possible I was able to detect an effect of age on cognitive foraging ability that other
studies with more limited age distributions could not. Older individuals could be more
proficient at solving foraging related tasks because annual survival depends, in part, on
the ability to solve foraging problems during harsh conditions (e.g., over-winter survival).
Over time, individuals with poor problem-solving abilities should be removed from the
population by selection. Alternatively, long-lived individuals that have had more foraging
experience have probably learned more foraging skills and therefore can quickly solve a
novel foraging challenge. In either case, it appears that differences in experience among
individuals provide a potential explanation for variation in cognitive ability within a
population.

This study was conducted on free-living organisms, which created methodological
biases in the data. For example, | had no way of forcing parents to participate in the trials
as is done in many studies of cognition (i.e., food deprivation; Roth et al. 2010; Boogert
et al. 2011; Cole et al. 2012). Participation in the trials | conducted was probably
influenced by the motivation of the bird to come to the platform for food but also could
have been due to individual differences in response to novel objects (the test platform and
its contents) near the nest box (e.g., Ensminger & Westneat 2012). | did find birds that
solved the foraging task had a shorter latency to the test platform than parents that did not
solve the task. This suggests motivation for food could have driven some individuals to
come to the platform faster and were therefore more likely to solve the problem.
However, it is also plausible that solving birds learned my presence at the test platform
(during twice daily food replenishments) indicated a good food source was available and
came to the platform faster, i.e., birds that were good associative learners were also good
problem solvers. A related methodological concern is that parents participating in the
cognitive trials had significantly higher provisioning rates and thus were more likely to
come to the nest box during the hour-long cognitive trial. In essence, the tests of
cognitive ability and its relation to parental care behavior only included individuals with
high provisioning rates. However, the average difference in provisioning rate between
participating and non-participating birds was only two feedings per hour; parents that did
not participate in the problem-solving task still came to the nest box (and consequently
came near the test platform) an average of 10 times during a foraging trial. It is unclear
why some birds participated in the trials while others did not, but this only allowed me to
test the relationship between problem-solving and parental care in a subset of possible
subjects. Differences also existed in the likelihood of solving the foraging task by the
year; parents were more likely to solve the task in 2012 than 2011. This was probably
because of differences in methodology and environmental conditions between years. The
2011 study season (March 1 through August 31) had exceptionally high precipitation (36
inches of precipitation, 10 inches above average), which impacted my ability to maintain
a constant food supply on the test platforms when training parents to come to the
platform for food. These methodological issues could have made it difficult to detect
relationships between cognitive foraging ability and parental care if one actually did
exist. One solution to these problems would be to observe behaviors of wild subjects,
then capture them and conduct cognitive tests in an aviary (e.g., Boogert et al. 2011; Cole
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et al. 2012). However, because individuals respond differently to captivity, measures of
cognitive ability recorded in a captive setting are unlikely to predict measures of
cognitive ability recorded in the wild.

In summary, | found that the age of a bird influenced variation between
individuals in the speed in which they solved a foraging task, and nests of problem-
solving males had higher nestling survival rates. Although there is evidence that problem-
solving ability is repeatable in other populations (e.g., Cole et al. 2011), I only observed
subjects one time in this analysis, and so within-individual variation could not be
estimated. Future work should include repeated measurements of individuals in order to
determine if differences in problem-solving attributes between individuals are consistent.
Problem-solving ability may also be linked to other important behavioral traits, such as
neophobia, which influenced the results obtained here. Further research into behaviors
correlated with problem-solving ability in the wild could reveal behavioral syndromes
that integrate with multiple life history traits. Finally, | found no evidence that variation
in problem-solving ability provides an explanation for the existence and maintenance of
consistent individual differences in the level of parental care a parent provides. Although
house sparrows live in a rapidly-changing, human-modified habitat which probably
requires occasional use of problem-solving skills, problem-solving ability may be a poor
measure of foraging efficiency and therefore parenting ability. Other measures of
cognitive ability, such as associative learning (e.g., Kitaysky et al. 2003) or social
learning (e.g., Reader & Biro 2010) could be more important indicators of foraging
ability and efficiency than problem-solving ability. Additional investigation of the
influence of different cognitive skills on foraging behavior in the wild are required to
understand if individual variation in cognitive ability can create differences in parental
care behavior.

Copyright © Daniel Paul Wetzel 2013
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Table 7.1. Results of the mixed model analysis of nestling provisioning reaction norms
for 110 house sparrows. Bird identity is a random term, and all fixed effects are within-
individual effects unless noted as “between,” in which case they are between-individual

effects.
Variable Effect + SE F (df) P-value
Provisioning rate Bird identity 0.18 £0.04
(trips/hr)* Residual 0.54 +0.03
Intercept 3.3+£0.05
Brood size (between) 0.34 £0.07 25.7 (1,115) <0.0001
Date -0.003 +£0.0009 8.1 (1, 789) 0.005
Brood size 0.30+£0.03 110 (1, 788) < 0.0001
Nestling age 0.13+£0.01 127 (1,790) < 0.0001
Observation start time -14+0.6 5.8 (1, 788) 0.02
Partner rate 0.005+0.005 0.78 (1, 798) 0.38
Brood size*nestling age 0.05+0.01 245 (1,811) <0.0001
Nestling age*partner rate -0.005 £0.002 7.3 (1, 859) 0.007
Likelihood of Bird identity 0.73x0.1
bringing large Intercept -2.71+£0.1
items (logit of Sex (female) 0.62+0.2 9.7 (1,94.9) 0.002
large items/seen Brood size 0.23+£0.05 19.3(1,862) <0.0001
items) * Nestling age 0.21£0.02 104 (1,862) < 0.0001
Partner rate -0.008 £ 0.008  0.97 (1, 862) 0.33
Nestling age*nestling age -0.05+0.008 44.0(1,862) <0.0001
Brood size*partner rate -0.03+£0.009 11.3(1,862) 0.0008

' Square root transformed

2From GLMM model of binomial using logit link and Kenward-Rogers estimation of

denominator degrees of freedom
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Figure 7.1. Photograph of the test platform used to perform the goal-oriented problem-
solving task. (a) The test platform consisted of nine 1.5 oz cups mounted flush on a 23 x
23 cm board. (b) Food was placed in the cups and each cup was covered with a metal
washer to create the problem-solving task.
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Figure 7.2. A learning curve was calculated for each parent that solved the problem and
opened more than one washer within a trial. (a) An example of a learning curve from one
male house sparrow. The learning curve was estimated from the slope of the best-fit line
of the amount of time (seconds) spent attempting to open each successive washer. (b)
There was a tendency for the learning curves of parent house sparrows to differ by sex (N
= 10 females and 9 males).
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Figure 7.3. The relationship between latency to solve a foraging task (logio of the time
between first stepping on the test platform and first solving the problem) and subject age
(in years) for 28 parent house sparrows.
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Figure 7.4. The relationship between nestling provisioning rate and latency to solve a
foraging task (time between first stepping on the test platform and first solving the
problem) for 28 house sparrows. For this figure, nestling provisioning rate (trips per
hour) was estimated for each individual as a best linear unbiased prediction (BLUP) from
the linear mixed model analysis of parental care reaction norms. All fixed effects from
Table 7.1 were included in the analysis to generate BLUPSs for each parent sparrow (see
Chapter 8).
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Figure 7.5. Nestling survival to fledging depending on the problem-solving status of the
male parent. This analysis included all nests from 2008 — 2012 known to have been
produced by a male that participated in the foraging trials. Numbers above the bars
indicate the number of male house sparrows in each category.
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CHAPTER EIGHT

The effect of individual variation in parental care on offspring

Parental care is a key life history trait that varies both within and among taxa
(Clutton-Brock 1991). A central tenet of parental care theory is that such variation is
adaptive and reflects environmental differences in the benefits of care to offspring or the
costs to the parent (Winkler 1987; Clutton-Brock 1991; Gross 2005). In support of such
theory, variation in parental care between species has been related to such variables as
lifespan (Curio 1988), predation risk (Ghalambor & Martin 2002; Eggers et al. 2005), and
ecology (Clutton-Brock 1991; Russell et al. 2004). Though it is clear parental care varies
among species, considerable variation also exists within a species or population. Studies
on variation within species have found that levels of care relate to the number and value
of the offspring to parents (e.g., Breitwisch et al. 1986), the cost of care (e.g., Ardia et al.
2009), kinship (e.g., Burke et al. 1989; Neff 2003) and, in species with bi-parental care,
the level of care provided by a partner (e.g., Wright & Cuthill 1989). What has emerged
is broad support for parental care as a generally adaptive trait that has been shaped by
selection, where parents adjust their level of care in relation to its benefits to offspring
and its costs to themselves (Winkler 1987; Gross 2005; Kvarnemo 2010).

Despite an overall fit to theory, there are a number of details in theory about
parental care that remain untested. For example, although many studies have examined
how parents modify the level of care they provide (often in terms of provisioning) in
response to changes in brood value, the number of studies that have actually tested the
assumption that the level of care a parent provides has a discernible effect on offspring is
small (Clutton-Brock 1991; Krist 2009). Of the studies that have directly tested this
assumption in birds, most find the expected positive relationship between provisioning
and offspring performance (Eggert et al. 1998; Ardia 2007; Schwagmeyer & Mock 2008;
Ringsby et al. 2009), though some have found no effect of care (Krist 2009; Ringsby et
al. 2009; Garcia-Navas & Sanz 2012), and one found a negative relationship (Nur 1984a).
The findings of these latter studies suggest that measurement conditions of parental care
behavior and offspring performance can have major impacts on their apparent
relationship. Furthermore, the measurement of the benefits of parental care, in terms of
offspring fitness, is almost always performed in what amounts to a two-step approach. In
a first step, behavioral studies test for effects of parental provisioning on offspring size,
number, or short-term survival, during the period of care (Nur 1984a; Eggert et al. 1998;
Sheldon 2002; Ardia 2007). Unfortunately this type of study misses the transitional phase
from juvenile to adult, a period typically associated with high mortality (e.g., Naef-
Daenzer et al. 2001; Hegyi et al. 2011). Second, often in other studies, the relationship
between short-term estimates of offspring fitness (e.g., offspring size) and long-term
estimates of fitness (e.g., offspring survival to recruitment) is tested (Magrath 1991,
Schwagmeyer & Mock 2008; Hegyi et al. 2011). These studies cannot separate any direct
effects of parental care on offspring fitness from the delayed indirect effects of parental
care on offspring traits. For example, provisioning rate likely influences nestling mass
(e.g., Ardia 2007) and nestling mass can influence survival to recruitment (e.g., Naef-
Daenzer et al. 2001), but this type of study cannot test if parental provisioning has an
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independent effect on offspring fitness. Our understanding of the effect of parental care
on offspring performance, and therefore offspring fitness, is poorly studied and often
reconstructed from multiple studies. The benefits of parental care should be tested
directly, in one study.

A fundamental problem with testing the effects of parental care on offspring
performance is that both parental care and offspring performance may vary in response to
a multitude of environmental factors (e.g., date in season, brood size, brood age, etc.).
Plasticity of care in response to these environmental conditions could create a strong
covariance between parental care and offspring performance when the real relationship is
relatively weak, or obscure a strong relationship if both are sensitive in different
directions to the same factors. For example, the level of parental care and offspring
fitness both typically decline with date in breeding season (Bortolotti et al. 2011;
Westneat et al. 2011), which if unaccounted for, could lead to a strong positive
covariance between parental care and offspring fitness. The confounding influence of
joint environmental effects must be accounted for to correctly test for the benefits of
parental care. Interestingly, despite the fact that parental care is phenotypically plastic,
recent research has found that individual parents are consistently different in the level of
care they provide to their offspring; in some cases individual identity accounts for 20% of
the variance in parental care (Schwagmeyer & Mock 2003; Nakagawa et al. 2007; Dor &
Lotem 2010; Westneat et al. 2011; Low et al. 2012). In addition to providing consistently
differently levels of care, individual parents can also vary in their plasticity of care by
responding differently across an environmental condition (individual by environment (I x
E) interaction). One solution to both of these issues is to use a behavioral reaction norm
approach. This approach simultaneously accounts for variation in care that can be
attributed to between-individual differences in the environmental conditions experienced,
within-individual phenotypic plasticity across environments, as well as variation from
consistent individual differences (Nussey et al. 2007; van de Pol & Wright 2009;
Dingemanse et al. 2010). The reaction norm model can then be used to estimate
individual-specific predictor values (best linear unbiased predictions; BLUPS) of the level
(individual reaction norm intercepts) and plasticity (individual reaction norm slopes) of
care a parent provides, after accounting for environmental effects. These predictors can
be used as quantitative characters to test how individual differences in the level and
plasticity of parental care provided influence offspring performance and fitness (Nussey
et al. 2007).

In this study, I tested how parental care behavior exhibited by adult house
sparrows (Passer domesticus) affected offspring performance and fitness. First, | used a
reaction norm approach to model nestling provisioning rates of parent sparrows. This
analysis accounted for differences among and plasticity within individual parents, and
from it, | generated predictor values of provisioning rate for each parent (reaction norm
intercepts) and each parent’s response (reaction norm slopes; individual plasticity) to
brood size and brood age. Next, for each measure of offspring performance, | assessed
and accounted for environmental factors that could independently influence performance
(year, date in season, etc.). Finally, | tested if differences in the level and plasticity of
nestling provisioning rates provided by parents influenced offspring performance.
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Methods
Study site and population

This study was conducted on a nest box population of house sparrows from 2008
to 2012 at the University of Kentucky’s Agricultural Experiment Station, located just
north of Lexington, KY (38°06°N, 84°29"W). The study site consists of agricultural and
pastoral fields, and multiple barns used for stabling horses and storage. House sparrow
nest boxes were installed on the outside walls of four of these barns. The number of nest
boxes per barn (10 to 20 boxes per barn) and the total number of boxes available ranged
from 50 to 60 boxes in each year. House sparrows in this study population breed
continuously from March through August, with each pair attempting one to six clutches
per season. Females in this population lay an average of five eggs per clutch with a range
of one to eight eggs (Westneat et al. 2009). Eggs hatch after approximately 10 days of
incubation, and altricial nestlings remain in the nest and are fed by the parents for 14-17
days. This species has bi-parental care; both sexes provide food to dependent nestlings
throughout the nesting cycle.

Adult sparrows breeding in nest boxes at the study site were trapped with mist
nest and seed-baited cage traps. Each bird was banded with a numbered, metal USGS
band and a unique combination of colored plastic bands so they could be identified by
sight. Birds banded as nestlings or juveniles that returned to breed at the site could be
aged precisely, while birds banded as adults were assigned a minimum age, which
assumes they were in their first breeding season. Beginning in March of each year, |
checked each nest box twice a week for nest building and breeding activity. Active nests
were checked at least three times a week to identify the day the first egg was laid and the
day the eggs hatched. I continued to check active nests at least three times per week until
nestlings were banded with a metal USGS band approximately 10 days after hatching
(mean + SD age at banding: 10.1 + 0.8 days, N = 363). At the time of banding I recorded
each nestling’s tarsus length with calipers to the nearest 0.1 mm, and mass with an
electronic balance to the nearest 0.1 g. I collected a 50 pul blood sample from each
nestling via brachial venipuncture and refrigerated the samples in the field until they
could be returned to the laboratory at the end of the day and stored at -80 °C. For each
nesting attempt, 1 recorded the clutch size, number of eggs that hatched (brood size), and
number of nestlings that fledged from the nest.

Offspring performance

Offspring performance variables were collected throughout the nesting cycle of
each year for 534 breeding attempts (1790 nestlings). Tarsus length was measured for all
nestlings in all nests when the nestlings were banded and averaged for each nest. Nestling
growth rates were collected in three years of this study (2008 — 2010). Typically, 1
weighed each nestling four times when they were between the ages of 1 — 10 days old,
though the number of measurements varied between nests and years (mean £ SD number
of weights: 2008, 4.5 £ 0.7, N = 51; 2009, 4.9 + 1.9, N = 38; 2010, 3.6 + 2.1, N = 48). To
estimate the growth rate for each nest, I regressed mean nestling weight on nestling age
(in days) and calculated the slope of the regression. These estimates of growth rate were
highly correlated with mean nestling change in mass from day 1 to day 10 (r = 0.98, N =
110, P < 0.0001). Nestling immune response was collected from 60 nests in one year
(2008) using a bacterial killing assay (Matson et al. 2006; see below). Nest survival was
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calculated for each nest as the proportion of nestlings that fledged from the nest out of the
number of nestlings hatching. Recruitment was calculated for each nest as the proportion
of fledglings that returned to breed at the study site in a subsequent year.

To conduct the bacterial killing assay developed by Matson et al. (2006), blood
samples from 215 nestlings in 2008 were collected in heparinized capillary tubes and
immediately transferred to a sterile 1.5 ml microcentrifuge tube. These samples were
stored on ice in the field and returned to the laboratory at the end of each day. Each
blood sample was then centrifuged for 10 minutes at 13,000 RPM and the plasma was
pipetted into a new, sterile 1.5 ml microcentrifuge tube. All plasma samples were stored
at -80 °C in the laboratory until the assay was conducted. Plasma samples were grouped
into batches and each batch was assayed at a different time between October and
November of 2008. To initiate the bacterial killing assay, 10 pl of plasma from each
sample was diluted with 190 ul of growth media (CO,-independent media (Invitrogen
#18045-088), 4mM I-glutamine (Invitrogen #25030-149), and 5% heat-inactivated fetal
calf serum (Invitrogen #10082-139)). To each diluted plasma sample, I added 20 ul of an
E. coli culture (~600 colony forming units (CFUSs)), which was prepared from a
lyophilized E. coli pellet (5.2 x 10" CFUs per pellet; MicroBioLogics, Inc. 0483E7
Escherichia coli ATCC® 8739™ Epower). Control samples were created by adding 20
ul of the E. coli culture to growth media without any plasma. All samples containing E.
coli were incubated at 41 °C for 30 minutes, allowing the bacteria time to divide and
grow and the immune components of the plasma to interact with and kill the bacteria.
After incubation, a 50 pl aliquot of each sample was pipetted and spread evenly on a
tryptic-soy agar plate. Agar plates were allowed to dry for 20 minute in a sterile
environment, covered, inverted, and incubated overnight at 35 °C. The following day, |
counted the number of visible colonies on each plate and determined the proportion of
bacteria colonies killed using control plates. Each nestling received a score for the
proportion of bacteria colonies killed by their plasma, which was then arcsine square root
transformed, centered by batch, and averaged for each nest.

Parental care

Parental care data was collected from almost all nesting attempts made by house
sparrows breeding in the nest boxes provided for them. Each nest was video recorded two
to three times in ~2 hour blocks. In 2008, 2009, and 2011 each brood was recorded twice,
when nestlings were approximately 5 and 7 days old, while in 2010 and 2012 each brood
was recorded three times, when nestlings were approximately 3, 6, and 9 days old. Video
recordings were performed during the morning hours (7 am — 12 pm) and the cameras
(Hi-8 or digital) were concealed in a small box attached to the barn 1 to 5 m from each
nest box. Nestling provisioning was quantified for each parent by measuring the feeding
trips per hour during each observation period. An observation period consisted of the
length of the recording (typically 2 hours) minus the latency of the first feed by either
parent. | performed parental care observations on 407 breeding attempts over the 5 years
of this study. These observations included data from 298 individual sparrows, each
observed an average of 6.5 times (SD: 5, range: 1 — 31) over an average of 2.7 breeding
attempts (SD: 2, range: 1 — 13), for a total of 1921 observation sessions (3538 hours).
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Analysis

Nestling provisioning behavior was recorded multiple times for each parent under
different environmental conditions. | used a reaction norm approach to analyze these
repeated measurements, account for phenotypic plasticity within individuals, and obtain
estimates of the level of care and individual plasticity of care for each parent (Nussey et
al. 2007; Dingemanse et al. 2010; Westneat et al. 2011). Nestling provisioning rate was
not normally distributed nor could it be made normal through transformation; square root
transformation brought the data very close to normal so the analysis was performed on
the transformed data. This analysis was conducted using Proc Mixed in SAS 9.2 (SAS
Institute Inc., Cary, NC) in three stages. In all stages of the analysis bird identity was
included in the mixed model as a random effect. First, | tested if the conditions under
which each parent was observed could have created differences between individuals. The
factors | tested included the sex, age, and breeding attempt number of the parent, date and
time of the observation, number and age of the nestlings during the observation, and the
partner’s nestling provisioning rate. Each of these fixed effects (except sex) was averaged
for each individual and centered with respect to the full data set (van de Pol & Wright
2009). All factors were added to the model, then backward elimination was used to
generate a best-fit model that described the sources of between-individual variation in
nestling provisioning. Second, I tested for phenotypic plasticity in nestling provisioning
by mean-centering each observation within each individual for each fixed effect. | added
all main within-individual centered factors and many of their second-order interactions to
the previous model, then used backward elimination to generate a best-fit model
describing variation in nestling provisioning. Finally, I accounted for individual by
environment (I x E) interactions across brood size and nestling age by adding these two
factors as random interaction terms. From this final model, I obtained best linear
unbiased predictions (BLUPSs) of nestling provisioning for each of the three random terms
(individual identity (reaction norm intercept), individual identity by brood size, and
individual identity by nestling age), for each parent.

To test for an effect of parental care on each measure of offspring performance, |
first accounted for environmental factors that could have affected offspring performance.
The performance variables of tarsus length, growth rate, and immune response were each
modeled independently using linear mixed models (Proc Mixed in SAS 9.2), while
survival was modeled as the number of nestlings that survived out of the number of eggs
that hatched using logistic regression with a binomial distribution and logit link (Proc
Glimmix in SAS 9.2). Offspring recruitment was modeled using a logistic regression with
a Poisson distribution and a log link (Proc Glimmix in SAS 9.2). In all models, I included
the year the nest was initiated and the identities of both the male and female parents of
each nest as random terms. The model of immune response did not include a year effect
since the bacterial killing assay was only performed on nestlings from 2008. | tested if
date in season, clutch size, age at banding, or maximum brood size influenced any
measure of offspring performance and retained the significant factors in each model. To
each best-fit model of performance, | then simultaneously added the BLUP of each
parent’s nestling provisioning reaction norm intercept. This allowed me to test if
offspring performance was affected by variation in the reaction norm intercepts of the
parents, and which parental sex had the largest effect on each component of performance.
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The effect of plasticity in nestling provisioning on offspring performance was tested by
adding the BLUPs of individual by brood size and individual by nest age for each parent.

Results

Performance of nestling house sparrows was influenced by several environmental
factors. Mean nestling tarsus length was 18.2 £ 0.06 (SE) mm and was positively affected
by date in season and the age at which nestlings were banded (Table 8.1). The rate at
which nestlings grew averaged 2.0 + 0.04 grams per day and was negatively associated
with the age nestlings were banded (Table 8.1). The mean proportion of nestlings that
survived from hatching to fledging was 0.71 + 0.02 and was negatively influenced by the
date in season and clutch size of the nest (Table 8.1). The mean proportion of fledglings
returning to breed at the study site in a subsequent year was 0.035 + 0.006 and decreased
with the date their natal nest was initiated (Table 8.1). The mean proportion of bacterial
colonies killed by plasma collected from nestling sparrows was 0.68 + 0.01 and varied by
nest (repeatability = 0.29; Fgo 154 = 2.4, P < 0.0001), but did not correlate with any of the
environmental factors tested (all P > 0.10). Mean tarsus length of the nest positively
covaried with the nest’s mean growth rate and the proportion of nestlings that survived
(Table 8.2). The proportion of nestlings surviving positively covaried with the proportion
of fledglings that recruited to the study population (Table 8.2).

Parent house sparrows averaged 11.3 + 0.2 nestling provisioning trips per hour.
There was no difference between sexes in provisioning rates (males: 11.5 + 0.3, females:
11.3 £ 0.4; Fy1243 = 0.38, P = 0.54). Provisioning rate was not influenced by the number of
observations performed on a parent (Fy 194 = 1.35, P = 0.25). Results from the mixed
model analysis of nestling provisioning reaction norms found that provisioning rate was
affected by variation in the conditions in which individuals were observed (brood size,
nestling age, and partner provisioning rate; Table 8.3). Provisioning rates of parent
sparrows exhibited phenotypic plasticity across several environmental variables,
including date in season, brood size, nestling age, observation start time, and their
partner’s provisioning rate (Table 8.3). Furthermore, individual parents significantly
differed in their response to changes in brood size and nestling age (Table 8.4). After
accounting for all significant fixed and random effects in Table 8.3, individual identity
explained 20.2% of the variation in parental care (Likelihood ratio test: -2dLL = 145, DF
=1,P<0.01).

Offspring performance traits were positively influenced by parental care. Male
sparrows with higher nestling provisioning rates (higher BLUPS) produced offspring that
had larger tarsi (effect = 0.36 £ 0.17, F1 125 = 4.4, P = 0.04; Figure 8.1b) and tended to be
more likely to survive to fledging (effect = 0.55 £ 0.3, Fy 1096 = 2.9, P = 0.09). Female
sparrows with higher provisioning rates produced offspring that grew faster (effect = 0.23
+0.1, F1104 = 5.1, P =0.03; Figure 8.1c), had a better immune response (effect = 0.14 +
0.06, F1 7 = 4.7, P = 0.04; Figure 8.1e), and tended to recruit more offspring to the
breeding population in a subsequent year (effect = 0.91 + 0.5, F; 869 = 2.8, P = 0.09).
Individual plasticity with respect to brood size or nestling age had no effect on most of
the offspring performance traits (data not shown).

In an effort to disentangle the direct and indirect effects of provisioning rate on
offspring survival, | added mean nestling tarsus length as a covariate in the models of
nestling survival and recruitment. Mean nestling tarsus length had a strong, positive
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effect on both the likelihood of survival within the nest (effect = 0.31 + 0.06, F; 35, = 24,
P < 0.0001), and recruitment to the breeding population (effect = 0.42 + 0.2, F 295 = 5.3,
P =0.02), and its addition to these models caused the effect of provisioning rate to
become clearly non-significant (male BLUP on nestling survival: F;g37 = 1.8, P = 0.18;
female BLUP on recruitment: Fy 757 = 1.3, P = 0.26).

Discussion

As predicted by parental care theory, | found that the level of parental care
provided by house sparrows had positive effects on offspring performance after
controlling for potential confounding effects of common environmental conditions.
Parents that provided higher amounts of parental care produced offspring that were
larger, in better condition, and appeared to have a greater chance of surviving to fledging
and to adulthood. On the surface, this result is not entirely surprising, as a basic
expectation of parental care theory is that offspring should benefit from increased levels
of care. My results thus support the results of previous studies that have found positive
covariance between parental care and offspring performance or fitness (Drent & Daan
1980; Eggert et al. 1998; Zink 2003; Ardia 2007; Schwagmeyer & Mock 2008; Ringsby
et al. 2009; Schroeder et al. 2012). However, my study is different from previous work
because it was predicated on the idea that attributes of individual parental care reaction
norms (individual intercepts and slopes) can influence offspring performance, not that the
total amount of care provided to or received by specific offspring influences their
condition. Although there was no effect of individual variation in reaction norm slopes on
offspring, I found that individual variation in reaction norm intercepts positively
influenced offspring performance in the study population. Examining the consequences
of individual variation in parental care reaction norms provides a different perspective on
the benefits of care.

The major finding of this study was that offspring produced by parents with high
nestling provisioning reaction norm intercepts in the mean environment grew faster, were
larger, and had better immune responses, which increased the likelihood to survive in the
nest and recruitment to the study site the following year. The most logical explanation for
these findings is that the rate at which offspring are fed directly influences their growth,
health, and probability of survival, i.e., offspring benefit directly from the amount of care
they receive (Clutton-Brock 1991). While this is most likely the case, it is important to
remember that in this analysis parental care reaction norms were estimated for parents
observed across multiple broods and multiple years, not on a per-nest basis. In essence,
this means that | was not estimating the amount of care received by offspring in a
particular nest, but asking what are the benefits of being in the nest of a parent that
typically has high provisioning rates (estimated in the mean environment across all
broods they produced). There could be additional benefits of being in the nest of a high-
provisioning parent that are not captured by this study. For example, previous research
has found that other components of parental care (e.g., nest defense, time spent
incubating) positively correlate with provisioning rate in some house sparrow populations
(Chapter 3; Kopisch et al. 2005). Parents that typically have high provisioning rates may
also bring large or high-quality items to the nest more frequently (e.g., Arnold et al. 2007;
Schwagmeyer & Mock 2008; but see Chapter 6). Other factors such as egg size or the
concentration of nutrients and hormones deposited in the egg probably also influence
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offspring condition and survival (Groothuis et al. 2005; Krist 2011), and may positively
covary with provisioning behavior. Alternatively, it is possible that parents that provision
at a high rate also pass along beneficial genetic traits to their offspring (e.g., Schroeder et
al. 2012). However, because this study did not cross-foster offspring, genetic effects
could not be disentangled from the actual effect of provisioning rate. In any case,
individuals that typically have high provisioning rates produce high-condition offspring
that have higher fitness, and are therefore likely favored by selection.

Interestingly, while I did not detect a difference in the provisioning rates provided
by male and female parents, male and female provisioning affected different components
of offspring performance. Female parents that consistently provided high nestling
provisioning rates produced offspring that grew faster, had a better immune response, and
appeared to have a greater probability of recruiting to the breeding population in a
subsequent year. Male sparrows that consistently provided high provisioning rates
produced nestlings that were larger and appeared to have a greater chance of surviving to
fledging. This finding is similar to a study of the effects of parental care in tree swallows
(Tachycineta bicolor) where researchers found that nestling growth was positively related
to female provisioning rate while nestling mass was positively related to male
provisioning rate (Ardia 2007). However, unlike my study, there were differences in the
feeding rates provided by male and female tree swallows. The different impacts of
parental sex on components of offspring performance could be due to differences in the
types of food items fed to nestlings. Parents have been shown to differ in the size of food
items they bring to the nest in this sparrow population and in bird populations (Chapter 7;
Banbura et al. 2001; Mitrus et al. 2010). This could be a result of males spending more
time foraging near the nest box to be more vigilant toward potential nestling predators or
nest box usurping conspecifics (e.g., Veiga 2003), while females spend time foraging in
higher-quality locations. Although it is often difficult to determine exactly where parents
are foraging at my study site, it is uncommon to observe both parents foraging in the
same location (DP Wetzel, personal observation). Differences by males and females in
the quality or type of food items provided to offspring could influence different
components of offspring development (e.g., Arnold et al. 2007; Garcia-Navas & Sanz
2011). Alternatively, male and female parents may be responding differently to cues of
offspring condition. For example, one sex may feed smaller or poor condition offspring
preferentially (e.g., Leonard & Horn 1996; Tanner & Richner 2008) or bias provisioning
toward offspring of a particular sex (Mainwaring et al. 2011). Parents may also respond
differently to signals of offspring need. In a captive canary population (Serinus canaria),
males responded to and fed nestlings with the tallest begging display, while females
responded to both the height and intensity of begging displays (Kilner 2002). Offspring
may also influence parental feeding decisions differently for male and female parents by
begging differently depending on which parent was present with food (e.g., Bell 2008). If
male and female sparrows differed in how or where they forage, or in how they respond
to offspring demand or condition, this suggests that selection has favored divergent sex-
roles for provisioning parents, and that these roles can have effects on different
components of offspring performance.

There are important conceptual issues with studying the effect of parental care on
offspring performance and fitness. First, parental care behavior and offspring
performance vary with respect to changes in the environment. If this phenotypic plasticity

110



IS not accounted for, environmental conditions could create or obscure a relationship
between parental care and offspring performance. For example, | found that nestling
provisioning rate and nestling survival both decrease with date in season. If provisioning
rate and nestling survival both were independently responding to time of season, failure
to include date in the analysis would have resulted in an inflated relationship between
provisioning rate and survival (Verhulst & Nilsson 2008; Bortolotti et al. 2011).
Although the approach used in this study accounted for many factors that could influence
both parental care and offspring performance, additional variables I did not account for
could have influenced to these results. This issue is potentially a larger concern for this
study because I generated BLUPs to estimate each parent’s provisioning reaction norm
intercept. While BLUP has been used for decades to predict random effects (such as an
individual’s reaction norm intercept; e.g., Nussey et al. 2005), using an incomplete model
to generate BLUPs can bias their estimation (Postma 2006; Hadfield et al. 2010). These
issues could be alleviated by using multivariate mixed models, where the covariance
between provisioning rate and measures of offspring performance can be calculated
directly while accounting for fixed and random effects (Hadfield et al. 2010; Dingemanse
& Dochtermann 2013). A second conceptual issue is that most studies in species where
multiple offspring are produced in a single breeding attempt, including this one, test if
differences in offspring performance between nests are influenced by variation in
parental care received, and ignore within-nest variation. Considerable variation in
offspring performance can exist among offspring within a nest (Hegyi et al. 2011),
particularly in house sparrows (Kinnard & Westneat 2009). While the primary source of
this variation is probably asynchronous hatching, parents can moderate variation among
nestlings through parental care. This means that individual variation in provisioning rate
can have an effect on mean offspring performance, as shown here, and also influence the
amount of variation exhibited among offspring. Variation among offspring within a brood
could have persistent impacts on individual performance after leaving the nest and
therefore offspring fitness (Hegyi et al. 2011).

Finally, it is often difficult to separate the direct effects of parental care on
offspring fitness from the delayed indirect effects of care on other traits. For example,
survival to adulthood may be influenced directly by body size or mass, but both fitness
and traits affecting fitness could be affected by parental care. My results suggest that
parental care behavior influenced offspring survival and recruitment indirectly through
offspring size. High provisioning parents produced larger offspring, and offspring size
predicted the likelihood of survival within the nest and recruitment to the breeding
population in a subsequent year. This finding has two main implications. First, studies
that test how offspring traits are affected by parental care behavior may not need to
follow offspring through to the following year to estimate the effect of care on fitness.
However, interactions between offspring condition and environmental variables (e.g.,
date in season) could have a larger effect on offspring fitness than just offspring
condition, which would be overlooked in these types of studies (Hegyi et al. 2011). On
the other hand, this also suggests that the handful of studies that have tracked the effect of
parental care through to offspring recruitment (Schwagmeyer & Mock 2008; Ringsby et
al. 2009; Krist 2009; Schroeder et al. 2012) have neglected to test the mechanisms by
which parental care behavior influences offspring fitness. Second, these results suggest
that a more detailed accounting of the factors that are affected by parental care and their
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direct and indirect impacts on fitness would yield a better understanding of evolutionary
forces acting on individual variation in parental care.

Copyright © Daniel Paul Wetzel 2013
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Table 8.1. Results from the analysis of performance traits of nestling house sparrow from

2008 — 2012. Tarsus length and growth rate were analyzed with linear mixed models.
Survival was modeled as the number of nestlings that fledged from the number of eggs
that hatched and analyzed using a logistic model of the binomial with a logit link.
Recruitment was modeled as the number of offspring that returned to breed at the study
site using a logistic model of the Poisson with a log link. Year, father identity, and
mother identity were entered in all models as random terms. The variable “nestling age”
is the age (in days) at which the nestlings were banded.

Offspring
performance trait Variable Effect £ SE F (df) P-value
Tarsus length Year 0.05+0.05
Father identity 0.04 £0.08
Mother identity 0.02 £0.07
Residual 1.1+£01
Intercept 18.2+0.1
Date in season 0.008 +0.002 19.4 (1, 329) < 0.0001
Clutch size 0.09 £0.08 1.3 (1, 311) 0.25
Nestling age 0.23+£0.08 9.1 (1, 349) 0.003
Brood size -0.14 £ 0.07 3.8 (1, 349) 0.06
Growth rate Year 0.02 £0.02
Father identity 0
Mother identity 0
Residual 0.15+0.02
Intercept 20+0.1
Date in season 0.0003 £0.002 0.04 (1, 105) 0.84
Clutch size 0.03£0.06 0.2 (1, 104) 0.67
Nestling age -0.24 + 0.06 19.5 (1, 104) < 0.0001
Brood size -0.08 £ 0.05 2.9 (1, 105) 0.09
Immune response Father identity 0.004 +0.007
Mother identity 0.008 +0.007
Residual 0.02 £ 0.007
Intercept -0.02 £0.03
Date in season 0.0004 +0.0009 0.2 (1, 39.5) 0.66
Clutch size -0.01 £ 0.03 0.2 (1,59.3) 0.70
Nestling age 0.005 +0.03 0.03 (1,51.5) 0.86
Brood size 0.02 £ 0.02 0.6 (1, 40.5) 0.45
Survival Year 0.003 £0.04
Father identity 0.62+0.2
Mother identity 0.66 £0.2
Intercept 0.94+0.1
Date in season -0.01 + 0.002 19.7 (1,303.6) <0.0001
Clutch size -0.21 £ 0.09 5.7 (1, 404) 0.02
Recruitment Year 02604
Father identity 0
Mother identity 0.26+0.3
Intercept -2.4+0.3
Date in season -0.02 £ 0.006 7.5 (1, 341) 0.007
Clutch size -0.29+0.3 1.2 (1, 341) 0.27
Brood size 0.25+0.2 1.3 (1, 341) 0.25
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Table 8.2. Spearman’s rank correlation coefficients for mean measures of offspring
performance for 360 house sparrow nests. Survival was calculated as the proportion of
nestlings fledging, and recruitment was calculated as the proportion of fledglings that
bred at the study site in a subsequent year.

Trait Growth rate  Immune response Survival Recruitment
rs N re N re N re N

Tarsus length 0.55** 109 0.06 60 0.21** 360 0.11" 293
Growth rate 0.05 51 018" 110 014 105
Immune response -0.11 60 -0.03 56
Survival 0.14* 296
T P<0.07

* P<0.05

** P <0.0001
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Table 8.3. Results of the mixed model analysis of nestling provisioning rate for 298
house sparrows. All fixed effects are within-individual mean-centered variables unless
noted as “between,” in which case they are between-individual mean-centered variables.
Nestling provisioning rate (trips per hour) was square root transformed in this analysis.

Variable Effect + SE F (DF) P-value
Bird ID 0.17 £0.02
Slope Bird ID*brood size 0.03 £ 0.009
Covariance (intercept, slope -0.004 £ 0.01
of brood size)
Slope Bird ID*nestling age 0.008 = 0.002
Covariance (intercept, slope 0.03 £ 0.005
of nestling age)
Residual 0.44 £ 0.02
Intercept 3.3+£0.03
Brood size (between) 0.26 £ 0.04 48.9 (1, 361) < 0.0001
Nestling age (between) 0.22 £0.04 24.8 (1, 640) < 0.0001
Partner feeding rate (between) -0.01 £ 0.008 1.8 (1, 347) 0.18
Date -0.002 £ 0.0006 7.8 (1, 1507) 0.005
Brood size 0.29 £ 0.03 133 (1, 147) < 0.0001
Nestling age 0.12 +0.01 138 (1, 200) < 0.0001
Observation start time -1.0+0.3 12.4 (1, 1541) 0.0005
Partner feeding rate 0.01 £ 0.004 10.1 (1, 1631) 0.002
Brood size*nestling age 0.05 £ 0.007 41.2 (1, 1661) < 0.0001
Partner rate*nestling age -0.006 + 0.001 15.2 (1, 1736) < 0.0001
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Table 8.4. Results of the linear mixed model testing for an effect of individual by
environment interactions in house sparrows. Reported are the estimated variances in
individual slopes and covariances between slope and intercept in nestling provisioning
rate (trips per hour, square root transformed) across two environmental variables (brood
size and nestling age). Significant variance or covariance components are indicated in
bold (likelihood ratio test, DF = 2).

Environmental Variance in Covariance between
) . -2dLL
variable slope slope and intercept
Brood size 0.03 +0.009 -0.004 +0.01 37.8
Nestling age 0.008 + 0.002 0.03 + 0.005 68.4
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Figure 8.1. Offspring performance was influenced by components of the parents’
nestling provisioning reaction norms in house sparrows. For these analyses, the reaction
norm intercept of nestling provisioning rate (trips per hour) was estimated for each
individual parent as a best linear unbiased prediction (BLUP) after accounting for fixed
effects in Table 8.3. The BLUPs of each nests’ parents (both sexes) were simultaneously
added to each model of offspring performance (see text) to test if offspring performance
was influenced by variation in the reaction norm intercepts of the parents, and which
parental sex had the largest impact on each component of performance. Growth rate and
immune response of nestlings was positively associated with female parent’s
provisioning rate (c and e), while nestling tarsus length was positively associated with
male parent’s provisioning rate (b).
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CHAPTER NINE

Conclusions and future directions

Behavioral traits like parental care can exhibit considerable flexibility. Despite
evidence that parents respond plastically to variable conditions, parents also provide
individual-specific levels of care and respond differently to changes environmental
conditions (Westneat et al. 2011). I used a behavioral reaction norm approach to study
parental care behavior exhibited by house sparrows (Passer domesticus) in a free-living
population. | found a positive covariance between nestling provisioning and nest defense;
parents that provided high levels of one type of care typically provided high levels of the
other type of care. While parental care theory predicts a positive relationship between
measures of care should be driven by the value of the offspring, I found these two
measures positively covaried even after accounting for several components of brood
value. Despite finding that a large amount of variation in parental care behavior was
attributed to individual parent identity, | was unable to identify the biological basis for
the majority of this variation. | found no evidence that reproductive performance
(nestling provisioning, clutch size, and egg size) in this population was influenced by
additive genetic variation, though these traits were affected by non-additive genetic
variation. Female sparrows with high levels of genetic heterozygosity laid more and
larger eggs and were more likely to bring large food items to nestlings than females with
low heterozygosity. There was little evidence that the conditions experienced during
development or the condition of an individual as a nestling created individual differences
in parental care behavior expressed later in life. | found some indication that the size of
the egg an individual was hatched from created differences in parental care behavior, but
this result was not particularly robust. Individual differences in offspring provisioning did
not appear to be due to differences in problem-solving ability either. Although neither the
ability nor speed of completing a problem-solving task predicted measures of nestling
provisioning, male parents that solved the task did fledge more nestlings from their nests.
Finally, I found that individual variation in parental care reaction norm intercepts had
significant, positive effects on offspring growth, size, and immune response, and that
offspring survival to adulthood was influenced by their condition in the nest.

Throughout my research, | have been focused on understanding how and why
individuals consistently differ in the parental care behaviors they express. A large amount
of recent research suggests that individuals are consistently different in a number of
behavioral traits (e.g., aggression, exploration, and antipredator behaviors; reviewed in
Bell et al. 2009), including parental care (Freeman-Gallant & Rothstein 1999; MacColl &
Hatchwell 2003; Schwagmeyer & Mock 2003; Nakagawa et al. 2007). One important
issue that has received very little attention in the rush to identify all these repeatable
behaviors is if consistent differences between individuals (animal personality) are
genuine characteristics of individuals or an artifact of our measurements (pseudo-
personality; Westneat et al. 2011). Pseudo-personality is a product of individuals being
measured under different, unaccounted for conditions and results in the appearance of
consistent differences among individuals (Martin & Réale 2008; van de Pol & Wright
2009). This has consequences for my research on parental care behavior. | attempted to
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determine if individual differences in genetic or cognitive components explained a
portion of parental care personality, however, this effort may have been largely
unsuccessful if the majority of between-individual variation was a product of differences
in measurement conditions. In each of the analyses presented in this dissertation, | tested
and accounted for many of the environmental factors that differed between individuals
and are predicted to strongly influence parental care behavior (e.g., number and age of
offspring, age and sex of the parent, effort of the partner, etc.; Winkler 1987; Westneat et
al. 2011). Nevertheless, there may have been other factors that differed between
individuals, such as the aggressiveness of neighboring males or the number of predatory
birds nesting nearby, that created the parenting “personality” I was attempting to explain.
It is worthwhile to note that many parent sparrows observed in this study were recorded
multiple times within and between years, reducing the chance that unaccounted for, short-
term environmental conditions could have created a bias. Although no study can account
for all the environmental factors that can influence an organism’s behavior, it is still
valuable to try to identify the characteristics of an individual that produce consistent
differences in behavioral traits.

A related issue is that although significant progress has been made in the
empirical study of individual variation in many behaviors and our understanding of
biological sources of this variation is progressing, the ultimate question of why some
individuals behave differently than others still remains. Specifically, it is unclear why
consistent differences exist, how they are maintained within populations, and if this
variation is adaptive. Surprisingly, for a field typically driven by strong theoretical
traditions, the majority of research on animal personality in the field of behavioral
ecology has been primarily empirical (Réale et al. 2010). Current theoretical modeling of
adaptive personality differences focus on how individual differences in an animal’s
morphological, physiological, or environmental state can create consistent differences
between individuals (Dingemanse & Wolf 2010; Wolf & Weissing 2010). However,
these models typically fail to explain how variation in an individual’s state is created or
maintained (Réale et al. 2010; Wolf & Weissing 2010). In my research, | found little
evidence that the conditions experienced during early development (e.g., egg size,
provisioning rate of parents, etc.) influenced parental care behavior expressed later in life.
Although this is a logical place to search for sources of permanent differences between
individuals in their condition or state, it is also possible that other experiences contribute
to differences in individual condition. For example, in house sparrows, early social
experience in the nest (e.g., Kinnard & Westneat 2009) or during the first year of life
(e.g., dominance status in a winter flock; McGraw et al. 2003) may play a larger role in
creating individual differences than the within-the-nest conditions | tested. Between-
individual variation in an event like initial dominance interactions could create a
feedback mechanism by which an individual’s condition or state is maintained through
the expression of condition-dependent behaviors (Wolf et al. 2007; Dingemanse & Wolf
2010). In house sparrows, being a subordinate in the winter flock could lead to reduced
resource acquisition and other physiological costs (e.g., impaired immune response;
Lindstrom et al. 2005; Steiger et al. 2012). The effect of these costs imposed by the social
environment can modify an individual’s condition and could influence current
reproductive performance (e.g., Eggert et al. 2008) or future fitness expectations (e.g.,
Nicolaus et al. 2012). Unfortunately, almost all current models have focused on
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personality in aspects of aggressiveness or boldness, and, while it is clear that consistent
differences between individuals exist in many other traits (e.g., parental care), it is
unclear if personality in these other traits is driven by the same mechanisms. Further
conceptual advances and extensions will create empirically testable hypotheses that will
help us understand why individuals differ in consistent ways and emphasize the
importance of studying this level of variation.

| found that between-individual variation in parental care was influenced by
variation in the environment (brood size, offspring age, etc.), and by variation in some
components of the underlying characteristics of an individual. However, the majority of
the consistent between-individual variation in parental care behavior remains
unexplained. Additional reasons for individual variation abound, but the effect of the
social environment may play a large, unexplored role in variation in parental care
reaction norms. The social environment is composed of the interactions between
individuals (interacting phenotypes; Moore et al. 1997), and can influence the phenotype
of an individual (McGlothlin et al. 2010; Wolf & Moore 2010). Because traits expressed
by other individuals in the social environment have a genetic basis, the social
environment has heritable components and can modify the response to selection (Moore
et al. 1997). Thus, to more completely understand the sources of individual variation in
parental care one must not only assess characteristics of individual parents, but also
characteristics of each individual’s social environment, such as the effect of the partner’s
level of care and the effect of offspring solicitation. For example, parents typically
increase the supply of care in response to offspring begging or solicitation (Kilner &
Johnstone 1997; Wright & Leonard 2002), and, like other behavioral traits, offspring
adjust the level of solicitation in response to a number of factors (e.g., brood size;
Leonard et al. 2000). While most research has focused on the phenotypic responses of
parents to offspring begging, offspring solicitation behavior is likely heritable and the
result of coevolution between offspring begging and parental response (Koélliker et al.
2000; Agrawal et al. 2001; Lock et al. 2004). This suggests that parental care behaviors
are sensitive to offspring solicitation and that the response rules between parents and
offspring also have a genetic basis (Kolliker et al. 2000; Smiseth et al. 2008). A reaction
norm approach can be used to decompose parental care and offspring begging into their
key components (reaction norm intercepts and slopes) and test exactly which components
of offspring begging influence individual-level variation in care. Modeling both the
behavior of the focal parent and the behavior of the social partner or offspring as reaction
norms would allow us to test how individual parental care reaction norms change and
interact with reaction norms of the social environment, and test for the effect of genetic
covariance between parental response reaction norms and offspring begging reaction
norms (Kolliker et al. 2000; Smiseth et al. 2008).

Finally, I was unable to detect any relationship between problem-solving ability
and parental care behavior in wild house sparrows. One major issue of attempting to test
cognitive abilities in wild organisms is the motivation of the animals to participate in the
trials. This could be a problem because, in my study, individuals that did not participate
in the trials had significantly different nestling provisioning rates than participants. In this
type of study, it is possible that non-participating individuals are less flexible in foraging
strategy or ability, more neophobic, or simply unmotivated to participate in an
environment where food is abundant. One solution to this problem is to integrate the
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problem into an activity the animals are already highly motivated to perform, for
example, entering the burrow or nest site to care for offspring. A recent study did this by
creating a problem-solving task at the entrance of the nest box for great tit (Parus major)
parents with nestlings near peak food demand (Cauchard et al. 2013). Though all
individuals participated in this task and researchers were able to measure the solving
ability of all subjects, this creates an addition problem because the results are confounded
with the motivation to feed offspring. Perhaps a more important issue that must be
addressed is understanding which cognitive skills are important for foraging parents or
foraging ability in general in the wild. | tested the ability of individuals to complete a
problem-solving task because | predicted that better problem-solvers would be better
foragers (a prediction mirrored in similar studies; e.g., Cole et al. 2012; Cauchard et al.
2013). Although problem-solving may be one component of foraging ability, especially
for house sparrows that live in rapidly-changing, human-modified habitats, better
problem-solving skills may not be a good predictor of foraging efficiency or parenting
ability. Better problem-solvers should be better at accessing novel sources of food, but
the ability to associate an indicator with the presence of food (e.g., Kitaysky et al. 2003)
or learn foraging techniques from conspecifics (Reader & Biro 2010) could be more
important for foraging parents than problem-solving ability. Further study of the
influence of different cognitive skills on foraging behavior in the wild are needed before
we can understand if cognitive differences between individuals can produce consistent
differences in parental care behavior.

Final conclusions

My research demonstrates that individual parents consistently differ in the amount
of parental care they provide to offspring in the mean environment (reaction norm
intercepts) and in their response to several environmental variables (reaction norm
slopes). Although | tested for several possible biological sources of this variation, the
majority of the variation remains unexplained. Consistent individual differences in the
level and plasticity of parental care behavior are important because they provide the raw
material on which selection can act to shape the patterns of care we observe in a
population. Further study of the causes and consequences of these consistent individual
differences in behavioral traits is necessary for our understanding of the maintenance and
evolution of behavior.

Copyright © Daniel Paul Wetzel 2013
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