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ABSTRACT.—Diet is an important component of life history that can vary with, and ultimately determine,
individual variation in phenotypically plastic traits. American Kestrels (Falco sparverius) generally have low
post-fledging survival rates, which suggests a need to better understand what ecological factors, such as diet,
influence nestling maturity. The generalist diet of kestrels makes it unlikely that all nestlings in a population
receive the same diet. We investigated how breeding phenology and nestling sex ratio interact with diet
metrics (diet diversity, percentage of prey types, rate of prey biomass delivery) and relate to nestling maturity
(mass, tarsus length, wing length, hematocrit, hemoglobin concentration). We hypothesized that: (1)
phenology and nestling sex ratio would correlate with inter-nest diet variation; (2) diet metrics would be
predictive of nestling development; and (3) the manipulation of food quantity through food
supplementation would lead to nestlings with greater developmental maturity. We found that inter-nest
variation in diet was correlated with breeding phenology and nestling sex ratio, independently. However, the
variation in diet was unrelated to nestling maturity. In response to food supplementation, kestrel parents
decreased their food-provisioning rate, indicating that food quantity regulates parental care. Male nestlings
appeared to benefit from supplementation while females did not. Our data demonstrated high inter-brood
variation in nestling diet, and suggested that diet variation interacts with sex to influence growth and
development of nestlings, which could potentially be linked to population decline.
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EL PAPEL DE LA CANTIDAD DE ALIMENTO Y EL TIPO DE PRESA EN EL DESARROLLO DE LOS
POLLUELOS DE FALCO SPARVERIUS

RESUMEN.—La dieta es un componente importante de la historia de vida que puede variar con, y en última
instancia determinar, la variación individual en los rasgos fenotı́picamente plásticos. Falco sparverius
generalmente tiene bajas tasas de supervivencia después de emplumar, lo que sugiere la necesidad de
comprender mejor qué factores ecológicos, como la dieta, influyen en la madurez de los polluelos. La dieta
generalista de F. sparverius hace poco probable que todos los polluelos de una población reciban la misma
dieta. Investigamos cómo la fenologı́a reproductiva y la proporción de sexos de los polluelos interactúan con
las métricas de la dieta (diversidad de la dieta, porcentaje de tipos de presas, tasa de aporte de biomasa de
presas) y cómo se relacionan con la madurez de los polluelos (masa, longitud del tarso, longitud del ala,
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hematocrito, concentración de hemoglobina). Hipotetizamos que: (1) la fenologı́a y la proporción de sexos
de los polluelos se correlacionarı́an con la variación de la dieta entre nidos; (2) las métricas de la dieta serı́an
predictivas del desarrollo de los polluelos; y (3) la manipulación de la cantidad de alimento a través de
alimentación suplementaria conducirı́a a polluelos con mayor madurez. Encontramos que la variación en la
dieta entre nidos se correlacionó de modo independiente con la fenologı́a reproductiva y con la proporción
de sexos de los polluelos. Sin embargo, la variación en la dieta no estuvo relacionada con la madurez de los
polluelos. En respuesta a la alimentación suplementaria, los progenitores de F. sparverius redujeron su tasa
de suministro de alimentos, lo que indica que la cantidad de alimento regula el cuidado parental. Los
polluelos machos parecieron beneficiarse de la suplementación mientras que las hembras no. Nuestros datos
demostraron una alta variación entre nidadas en la dieta de los polluelos y sugirieron que la variación de la
dieta interactúa con el sexo para influir en el crecimiento y desarrollo de los polluelos, lo que podrı́a estar
potencialmente relacionado con la disminución de la población.

[Traducción del equipo editorial]

INTRODUCTION

Diet can be an important indicator of habitat
quality and can affect phenotypically plastic traits in
wild birds. Birds consume different diets based on
their life history stage (Bairlein and Gwinner 1994,
Martins et al. 2013), age (Rutz et al. 2006,
Nadjafzadeh et al. 2016), and sex (Forero et al.
2002, Shaw 2009, Bravo et al. 2016, Catry et al. 2016).
Food availability undoubtedly affects the diet of
consumers and varies naturally based on phenology
(Rodrı́guez et al. 2010, Garcia-Heras et al. 2017b),
weather (Catry et al. 2012, Garcia-Heras et al.
2017b), and habitat quality (Valkama et al. 1995,
Boratyński and Kasprzyk 2005, Byholm and Kekko-
nen 2008). Variation in the availability of certain
prey can determine the nutritional quality of the diet
(Eeva et al. 2009, Arnold et al. 2010, Razeng and
Watson 2015) and ultimately affect fitness through
changes in long-term productivity (Annett and
Pierotti 1999), clutch size (Catry et al. 2012),
fecundity (Rutz et al. 2006), and offspring body size
(Forero et al. 2002). Diet during nestling develop-
ment may be particularly important in altricial birds
because of the high mortality rate immediately
following fledging (reviewed in Naef-Daenzer and
Grüebler 2016).

American Kestrel (Falco sparverius) populations
have been declining since the 1980s and speculated
causes include pesticide exposure, predation by
larger raptors such as Cooper’s Hawks (Accipiter
cooperii), and habitat loss, though none have been
supported as the sole cause of declines (Smallwood
et al. 2009). Low recruitment rates reported by nest
box monitoring programs (Steenhof and Heath
2013) and high variation in nestling developmental
maturity (defined as mass, tarsus length, wing chord,
hematocrit, hemoglobin concentration at day 21)
among nests (Cornell et al. 2021) suggest that

declining nestling maturity may be a component of
the observed decline. During development, limited
food availability can constrain growth and reduce
the maturity of nestlings, potentially constraining
fitness (Gebhardt-Henrich and Richner 1998).
Previous studies have shown that kestrels reared on
diets restricted to 70–80% of controls’ ad libitum diet
had slower growth rates, reduced fat stores, and
shorter feather lengths (Lacombe et al. 1994). But
quality of food or prey type may also be a limiting
factor: kestrels hand reared on high-fat, laboratory
mice (Mus musculus) had larger fat reserves and
wing-loading at fledging, but slower growth rates
compared to those fed on protein-rich cockerels
(Gallus domesticus; Lavigne et al. 1994). However,
some kestrel diet studies rely on data from prey
remains or pellets (see review [table 1] in Boal et al.
2021), which do not account for food quantity and
make it difficult to compare the relative roles of food
quantity and prey type in a natural setting. Addi-
tionally, the effects of food abundance can vary
depending on ecological context, such as annual
variation, weather, and breeding phenology (Dewey
and Kennedy 2001, Ritz et al. 2005, Cornell and
Williams 2017).

Nutritional needs of nestlings may vary with sex in
dimorphic species (Anderson et al. 1993b), so
variation in brood sex ratio may affect diet delivered
to the nest (Rutz 2012). Captive studies of kestrel
nestling diet show that the type of prey delivered to
the nest determines the competitive advantage of
female nestlings over males (Anderson et al. 1993a).
This can lead to differential effects of supplemental
feeding in nests with different sex ratios; only male-
biased broods benefitted from supplemental feed-
ing of Lesser Kestrels (Falco naumanni; Soravia et al.
2021). Among American Kestrels, sex ratio of
nestlings can vary with breeding phenology, poten-
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tially reflecting changes in prey availability (Small-
wood and Smallwood 1998, Griggio et al. 2002).
However, the relationship between diet and nestling
sex is not well understood in American Kestrels and
other raptors.

In this study we examined the nestling diet of a
regionally declining, sexually dimorphic, generalist
predator, the American Kestrel. We hypothesized
that (1) components of the nest environment,
including breeding phenology (laying date of the
first egg) and nestling sex ratio would correlate with
inter-nest variation in nestling diet as measured by
percentage of prey types, diet diversity, and rate of
biomass delivered to nestlings; (2) diet metrics
would be predictive of nestling growth and develop-
ment morphologically (mass, tarsus length, wing
length) and physiologically (hematocrit, hemoglo-
bin concentration); and (3) manipulation of diet
with food supplementation would lead to nestlings
of higher developmental maturity.

METHODS

Field Sites and Monitoring. In 2019, we studied
natural variation in diet at 10 American Kestrel nests
in southeastern Pennsylvania. In 2021, we conducted
a supplemental feeding experiment at 13 nests in
central Pennsylvania. The general habitat was similar
at the two sites; both were rural areas that included
agriculture (corn, soybean, or hayfields) and pas-
tures with livestock, with nest boxes mounted on
utility poles, trees, or barns. Nest box dimensions
and mounting details at both sites followed Katzner
et al. (2005). In both years, from May to July we
monitored nest boxes for kestrel nests with eggs.
Nests were checked for hatching every other day
beginning 28 d after the last egg was laid, and hatch
date was recorded to age nestlings. If not observed,
the laying date of the first egg was estimated by back-
calculating from hatch day, allowing 28 d for
incubation and 2 d for the laying of each egg in
the clutch. Any nest, at which at least one nestling
hatched, was monitored until fledging and brood
size at fledging was recorded, hereafter referred to as
fledging success.

Natural Variation in Diet. In 2019, we used a
GoPro Hero7 Black camera mounted to the outside
of the nest box to record 10 nests for an average of
122 min/d (range: 60–253 min/d) starting 6 d after
nestlings hatched: days 5 and 6, 12 and 13, and 19
and 20 (hatch day¼day 0). Two nests had only 5 d of
recording due to equipment malfunction; however,
longer recordings on other days mitigated these

differences such that there was no effect on overall
time recorded (t-test, t¼�0.14, P¼ 0.91). A dummy
GoPro was mounted to the box whenever we were
not recording to minimize effects of the camera on
natural behavior. We classified the weather during
recording as sunny, cloudy, light rain, or steady rain,
but .90% of recordings were completed with no
precipitation. We viewed all video recordings and
recorded the number of parental food deliveries per
hour. We used one-way ANOVAs to test the effects of
weather and time of day on the number of parental
food deliveries per hr. We classified the prey items
into the following categories: mammal, passerine,
arthropod, annelid, and other (Supplemental Ma-
terial Table S1). The ‘‘other’’ category included two
prey items observed only once each: a green frog
(Rana clamitans) and a northern fence lizard
(Sceloporus undulatus).

We collected data on nestling development
between the hours of 0800–1200 H at 21 d after
hatch. American Kestrels typically fledge 28 d after
hatch (Smallwood and Bird 2020). During sampling,
we removed nestlings from their nest and collected
blood from the brachial vein (�1% of total body
mass) into a heparinized microcentrifuge tube. We
typically sampled nestlings within 4 min of removal
from the nest box. Whole blood samples were
immediately put on ice until laboratory analysis.
On day 7, we marked individuals with unique color
bands for individual identification (Darvic wrap-
around 1FB-5.5mm, Avinet SKU: 1FBD-bl). We
removed the color bands on day 21 and replaced
them with USGS bands. We sexed the nestlings by
examining primary feather colors (blue for males
and brown for females) on day 14. Mass was
measured to the nearest 0.01 g using a digital scale,
tarsus length to the nearest 0.01 mm using digital
calipers, and flattened wing chord to the nearest 1
mm using a wing ruler.

Experimental Manipulation of Food Quantity. In
2021, we randomly assigned nests to either treat-
ment (n ¼ 7 nests [29 nestlings]) or control (n ¼ 6
nests [31 nestlings]) on hatch day. We used data
from Anderson et al. (1993b) to approximate the
mean of 20% of the food mass consumed daily per
nestling. We supplemented treatment nests by
delivering this amount of food (proportionate to
brood size) every other day. Thus, nestlings in
treatment broods received 10% extra food overall
from hatch day until day 21. Supplements were dead
mice (Mus musculus) purchased from RodentPro.
com, stored in a freezer and thawed the day before
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each feeding. To minimize disturbance, we used a
telescoping pole to deliver food through the nest
box hole. Nestlings regularly made begging calls
when food was dropped. We collected data on
nestling development using the same methods as in
2019. If nestling sampling took place on a day
scheduled for supplemental feeding, we supple-
mented the nest after sampling. On both days 19 and
20, we used binoculars to make 1-hr long observa-
tions from a distance of at least 20 m, with a vehicle
as a blind. We recorded the number of times the
male and female parent brought food to the nest, as
well as the type of prey delivered. Observations for
treatment nests were completed before supplemen-
tal food was delivered.

Laboratory Methods. We measured hematocrit by
centrifuging the blood in a capillary tube at 13,000
revolutions per min for 5 min. We measured packed
cell volume and total volume using digital calipers to
the nearest 0.01 mm. We determined hemoglobin
concentration (g/dL whole blood) using the cyan-
methemoglobin method (Drabkin and Austin 1932)
with modifications for use with a microplate
spectrophotometer. We added a 5lL aliquot of
whole blood to 1.25 mL Drabkin’s reagent (Sigma
Aldrich D5941) and measured absorbance values in
triplicate as a measure of intra-assay variation at 540
nm in Fisher Multiskan FC Model 357 plate reader in
2019 and a BioTek Epoch plate reader in 2021. Inter-
assay variation of a pooled sample across plates was
5% in 2019 and ,1% in 2021, coefficient of variation
within repeated samples was 5% in 2019 and 3% in
2021.

Statistical Analyses. We report all values as mean 6

SD. We grouped related terms as follows: diet
metrics included diet diversity, percentage of prey
types (by biomass), rate of prey biomass delivery per
nestling; nestling maturity referred to the day 21
values of mass, tarsus length, wing chord, hemato-
crit, and hemoglobin concentration. Nestling sex
ratio was based on day 7 values. We calculated
percent mass of each prey type in the diet using
values of average mass for each prey type found in
the literature (Table S1) and dividing by the total
mass of all prey items observed at the nest and
multiplying by 100. We arcsine-transformed percent
of each prey type. We calculated rate of total prey
biomass delivered per nestling by summing the total
estimated mass of prey items delivered at a nest,
divided by the total hours of observation, divided by
the number of nestlings in the nest. We used the
Shannon-Wiener diversity index to estimate diet

diversity using the R package vegan (Oksanen et al.
2020), and Pearson’s product-moment correlation
tests to test the relationship between nestling sex
ratio and laying date. We used principal component
analysis to synthesize nestling maturity into a
morphology component (mass, tarsus, wing length)
and physiology component (hematocrit, hemoglo-
bin concentration) in R (R Core Team 2020). We
used stepwise regression in linear and linear mixed
effects models, starting with the full model and all
interactions, but removing all nonsignificant predic-
tor variables until we arrived at the final models
reported in the tables (Table S4). Subsequently we
tested reduced versus full models using ANOVAs
(linear models) or F-tests (linear mixed effects
models) to ensure there were no significant differ-
ences in the reduced models’ explanation of
variance. We used linear models to test the
relationship between diet metrics (as response
variables) and breeding phenology and nestling
sex ratio (as predictor variables) in R (R Core Team
2020). This analysis only included the natural
variation year (2019). We tested the effects of diet
metrics on fledging success in 2019 and 2021 using
linear models. We tested the relationship between
diet metrics (percentages of each prey type, diet
diversity, and rate of prey biomass delivered per
nestling) and experimental treatment group as
predictor variables, and nestling morphology and
physiology as response variables using linear mixed
effects models with the nlme package (Pinheiro et al.
2020). We included nest ID as a random factor and
sex as a covariate for the model of morphology
principal component due to female nestlings being
10% larger than males. We also included sex as a
covariate in the morphology model. We used an
unpaired two-tailed t-test to compare per-nestling
provisioning rate in 2021 between treatment and
control nests. We reported correlations of nestling
maturity with breeding phenology and nestling sex
ratio in another study (Cornell et al. 2021). We ran a
multiple regression power analysis in R on a sample
size of 10 nests at a power of 80% and significance of
0.05 (R Core Team 2020).

RESULTS

Natural Variation in Diet (2019). We analyzed 117
hr of video and recorded a total of 229 prey items
provisioned to the 10 study nests. We found a mean
of 2.5 6 2.2 deliveries per nest per hr (range: 0–12).
Prey types varied by nest and included mammals
(seven nests), passerines (seven nests), arthropods
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(nine nests), annelids (seven nests), as well as one
frog and one lizard each at different nests (Fig. S1).
Diet breadth varied among broods: at one nest we
recorded only mammalian prey items delivered,
whereas at others the dominant prey item by mass
made up ,50% of total biomass provisioned (Fig.
S1). Brood sizes ranged from 1–5 nestlings and
averaged 4.4 6 1.1 nestlings, and fledging success
was 0–5 nestlings, with 3.5 6 1.9 nestlings on
average. The only mortalities were a single dead
nestling (of a brood of five) in one box between days

14 and 21 and a single dead nestling in another box
on day 28 when we checked the box for fledging. Sex
ratios ranged from 0–100% female nestlings and
averaged 54 6 18% female. Sex ratio of the nestlings
and laying date were not significantly correlated (P
. 0.10). Weather (categorical) had no effect on the
number of parental food deliveries to the nest per hr
(one-way ANOVA, F3, 421¼1.5, P¼0.20). Time of day
also had no effect on parental deliveries to the nest
per hr (linear mixed effects model, nest as a random
effect, F1, 47 , 0.1, P¼0.88). The results of the power
analysis showed that for a sample size of 10 nests, the
effect size would have to be 0.80 to reach a power of
80% at a significance of 0.05.

Kestrels with later laying dates delivered a higher
percentage of arthropod prey (Table 1; df ¼ 1, 8,
estimate ¼ 0.02, R2 ¼ 0.5, P ¼ 0.02). However no
aspect of diet was related to fledging success (Table
S2). Nests with a higher proportion of female
nestlings were fed a greater percentage of passerine
prey (df¼ 1, 7, estimate¼ 1.40, R2¼ 0.5, P¼ 0.03),
and nests with a higher proportion of male nestlings
were fed a greater percentage of mammalian prey
(df¼1, 7, estimate¼�1.75, R2¼0.6, P , 0.01; Fig. 1).
When the two single-sex broods were removed from
the models, the relationship between females and
passerine prey remained significant (df ¼ 1, 5,
estimate ¼ 3.11, R2 ¼ 0.6, P ¼ 0.04), though the
relationship between males and mammalian prey
became nonsignificant (df ¼ 1, 5, estimate¼�2.43,
R2¼ 0.4, P¼ 0.12). There were no other significant
relationships between diet and nestling sex ratio or
phenology (Table 1, Table S3).

The first principal component of morphology
metrics (mass, tarsus, and wing length) explained
56% of the variation. The first principal component
of the physiology metrics (hematocrit, hemoglobin
concentration) explained 64% of the variation.
Neither of these principal components was signifi-
cantly related to any of the diet metrics (Table S4).

Table 1. Results of linear models testing the relationship between nest environment and natural variation in American
Kestrel nestling diet (2019).

DIET METRIC LAYING DATE NESTLING SEX RATIO

Percent mammal No relationship þ Related to males
Percent passerine No relationship þ Related to females
Percent arthropod þ correlation No relationship
Percent annelid No relationship No relationship
Diversity of prey (Shannon index) No relationship No relationship
Biomass of food per nestling per hour No relationship No relationship

Figure 1. Nests with a higher percentage of female
American Kestrel nestlings had a higher percentage of
passerine prey in diet provisioned to the nest. Nests with a
higher percentage of male nestlings had a higher
percentage of mammal prey provisioned to the nest.
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The time of day we collected the blood sample was
not significantly related to nestling maturity (linear
mixed effects models controlling for nest ID as a
random factor and age and sex as covariates where
significant, P . 0.27).

Response to Supplemental Feeding (2021). We
observed 26 hr of parental care behavior and
recorded a total of 87 deliveries to the 13 study
nests. We observed a mean of 2.6 6 3.0 deliveries per
nest per hr (range: 0–11). Parents responded to
supplemental feeding by reducing provisioning rate
(t17.8 ¼�2.3, P ¼ 0.03). This effect was driven by a
reduction in the number of food deliveries per
nestling per hr by the female parent (t14.9¼�2.8, P¼
0.01), with the per-nestling provisioning rate for
controls (0.83 6 0.69 deliveries per nestling per hr)
over three times greater than that of supplemented
nests (0.23 6 0.30 deliveries per nestling per hr),
while the male parent’s provisioning rate did not
differ between groups (t18.9 ¼ 1.0, P ¼ 0.84). There
was no effect of time of day on per-nestling
provisioning rate (linear mixed effects model, nest
as a random effect, F1, 17¼2.3, P¼0.14). There was a
significant effect of treatment, nestling sex, and an
interaction of treatment and sex on the morphology
principal component (Table S5; Fig. 2). Supplemen-
tal feeding appeared to benefit males but not
females: body mass at day 21 was sexually dimorphic
in control nests, with males (119.3 6 10.0 g) smaller
than females (131.4 6 11.1 g), but no sexual
dimorphism in treatment nests (males: 127.1 6

10.7 g; females: 124.4 6 16.0). There was no effect of
treatment on the physiology principal component.

One nest failed due to predation (no nestlings
survived) and two nests had partial mortality prior to
fledging, but there was no effect of treatment on
fledging success (F1,10¼ 0.7, P¼ 0.42).

DISCUSSION

We investigated the relationships between nestling
diet (food quantity and prey type), nestling devel-
opment (morphological and physiological), and
components of nest environment (breeding phe-
nology and nestling sex ratio) in American Kestrels.
Although some other raptors have a specialist
feeding strategy (e.g., Garcia-Heras et al. 2017a),
including some species of kestrels (Korpimäki
1985), the American Kestrels we studied had high
inter-brood variation in diet (Fig. S1). However, no
diet metrics were correlated with nestling maturity.
Our experimental results indicated that parental
care was adjusted when supplemental food was
provided, suggesting that food quantity was impor-
tant. The experimental effects on nestlings may have
benefitted the smaller sex (males), perhaps by
releasing male nestlings from a food limitation.
However, the small sample size of this study limited
our ability to find significant effects. Nonetheless,
the data presented here suggest some trends that
may be pertinent to the American Kestrel decline
and should be investigated further.

The percentage of arthropods in the nestling diet
was significantly higher in nests with later laying
dates. Many insects have a strongly seasonal compo-
nent to their development, during which avian
insectivores may coordinate their reproduction to
optimize insect predation opportunities (e.g., Naef-
Daenzer et al. 2000, Tremblay et al. 2003). The
possibility of phenological mismatch between pred-
ators and prey has been a major concern in avian
conservation (Visser et al. 2012, Visser and Gienapp
2019). However, the fine-tuning of breeding phe-
nology may be less important for a generalist
predator, and despite the fact that some American
Kestrel populations rely on arthropods for up to
71% of prey items (by frequency) during the
breeding period (Liébana et al. 2009), the biomass
contributed by arthropods is generally quite small.
Kestrels have also shown significant shifts toward
earlier laying dates in the last few decades (Smith et
al. 2017). Whether these phenological shifts are
linked to changes in diet is unknown. Regardless of
possible phenological mismatch, the decline of
insects (Wagner 2020) throughout the range of the
American Kestrel may be linked to kestrel decline if

Figure 2. Morphology principal component 1 of male
(dark gray bars) and female (light gray bars) American
Kestrel nestlings in control and treatment (food-supple-
mented) nests.
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arthropods are or historically were a major compo-
nent of diet. For the kestrels we studied, arthropods
only made up 8 6 9% of prey biomass on average
and this percentage was unrelated to both fledging
success and nestling development. A higher per-
centage of arthropods in the diet also had no
relationship to nestling sex ratio, despite the higher
proportion of female kestrel nestlings in late-season
nests reported elsewhere in some (Smallwood and
Smallwood 1998, Griggio et al. 2002) but not all
American Kestrel populations (Wiebe and Bortolotti
1992). The seasonal increase in arthropods was
unrelated to both diet diversity and rate of prey
biomass delivered per nestling.

In our study population, the preferred prey type
appears to vary in relation to nestling sex ratio: nests
with more males received higher proportions of
mammalian prey and nests with more females
received higher proportions of passerine prey (Fig.
1). Previous studies of kestrel prey nutritional
composition have shown that avian prey has the
highest gross energy and fat content, compared to
arthropod and mammalian prey items (Bird et al.
1982). Given the faster growth rate of female
kestrels, it follows that nests with more females may
require more energy-rich, avian prey (Anderson et
al. 1997, Cornell et al. 2021). It is interesting that our
rodent food supplementation seemed to benefit
male nestlings only. One possible explanation is that
passerine prey may be more supportive of female
development and mammalian prey has greater
benefits to male development, given the nutritional
differences required for growth of each sex (Ander-
son et al. 1993b) and the natural variation in diet
relative to nestling sex ratios (Rutz 2012). Therefore,
the rodent supplement may have replaced parent
feeding visits that might otherwise have brought
passerine prey, benefitting the males but decreasing
the supply of passerine prey preferential for females.
The experiment would need to be repeated with a
passerine prey supplement for conclusive assess-
ment. An unresolved factor in interpreting our
results is the unknown physiological mechanism
for facultative adjustment of sex ratios at the time of
egg laying (Pike and Petrie 2003), as sex-specific
nestling mortality is unlikely to be a mechanism in
our system given the low partial brood mortality.

Results from food supplementation showed that
parents, in particular female parents, regulate
provisioning rate based on quantity of food. Howev-
er, male raptors often hand off prey to the female
parent to deliver to the nest (Sonerud et al. 2013)

and our data could not account for such handoffs;
therefore, we cannot assume there was no effect on
male parental care. Reduced provisioning at supple-
mented nests could be facilitated by changes in
begging intensity of nestlings or the presence of the
food supplement itself. Although reductions in
parent provisioning have been found in other
kestrel supplemental feeding studies (Wiehn and
Korpimäki 1997, Dawson and Bortolotti 2002), most
similar manipulations in raptors do not document
effects on parent provisioning rate (e.g., Kennedy
and Ward 2003, González et al. 2006, Wellicome et
al. 2013, Perrig et al. 2014), so it is unclear whether
this behavioral response is unique to kestrels. It is
possible that the reduced provisioning is responsible
for the minimal effects we found on nestlings:
treatment nestlings may have received the same
quantity of food as controls, as in Dawson and
Bortolotti (2002). At the least, we likely manipulated
diet composition, because our supplements were
exclusively rodents.

We found high inter-brood variation in prey types
delivered to nestlings, significantly related to phe-
nology and nestling sex ratio. Although diet did not
correlate with nestling development, supplemental
feeding down-regulated parental care and may have
had some benefits to male nestlings. Given the
declines reported in American Kestrels (Smallwood
et al. 2009) and the possibility of pesticides among
the potential causes (McClure et al. 2017), differ-
ences in diet between sexes could lead to differential
exposure to pesticides. For example, more passerine
prey provisioned to nests with more females could
lead to females with higher neonicotinoid concen-
trations. More data are needed to identify whether
sexual differences in diet lead to differences in
pesticide load. Future studies should explore how
kestrel population declines relate to food, habitat
quality, pesticide exposure, and land use, with
potential sexual differences in mind.

SUPPLEMENTAL MATERIAL (available online). Table
S1: Representative mass values used in the calcula-
tions of prey mass provisioned to the nest. Table S2:
Results from linear model showing how natural
variation in diet metrics relate to fledging success
during 2019. Table S3: Statistical values of linear
models testing the relationship between nest envi-
ronment and natural variation in nestling diet
(2019). Table S4: Results from linear mixed effects
models showing how diet metrics relate (as fixed
effects) to natural variation in nestling maturity (in
2019). Table S5: Results from linear mixed effects
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models showing how supplemental feeding affected
nestling maturity (day 21 values) and developmental
trajectory in 2021. Table S6: Results of F-tests on full
compared to reduced linear mixed effects models
reported in Table S4. Figure S1: Diet composition by
prey item across nests.
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Wiehn, J., and E. Korpimäki (1997). Food limitation on
brood size: Experimental evidence in the Eurasian
Kestrel. Ecology 78:2043–2050.

Received 24 January 2022; accepted 6 December 2022
Associate Editor: James C. Bednarz

JUNE 2023 219ROLE OF FOOD IN NESTLING DEVELOPMENT


