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Abstract
Birds aim to optimize resources for feeding young and self-maintenance by timing reproduction to coincide with peak food
availability. When reproduction is mistimed, birds could incur costs that affect their survival. We studied whether nesting
phenology correlated with the apparent survival of American kestrels (Falco sparverius) from two distinct populations and
examined trends in clutch-initiation dates. We estimated apparent survival using multi-state mark-recapture models with
nesting timing, nesting success, sex, age, and weather covariates. Nesting timing predicted the apparent survival of successful
adults; however, the effect differed between populations. Early nesting kestrels had higher apparent survival than later nesters
in the western population, where kestrels have a relatively long nesting season. At the eastern site, where kestrels have a relatively short nesting season, the pattern was reversed—later nesters had higher apparent survival than earlier nesters. Nesting
timing did not affect the apparent survival of adults with failed nests suggesting that the energetic cost of producing fledglings
contributed to the timing effect. Finally, clutch-initiation dates advanced in the western population and remained static in the
eastern population. Given that both populations have seasonal declines in productivity, population-specific survival patterns
provide insight into seasonal trade-offs. Specifically, nesting timing effects on survival paralleled productivity declines in the
western population and inverse patterns of survival and reproduction in the eastern population suggest a condition-dependent
trade-off. Concomitant seasonal declines in reproduction and survival may facilitate population-level responses to earlier
springs, whereas seasonal trade-offs may constrain phenology shifts and increase vulnerability to mismatch.
Keywords American kestrel · Climate change · Mismatch · Winter · Phenology
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Optimal timing of avian reproduction coincides with peak
food availability to exploit resources not only for feeding
young but for self-maintenance (Lack 1968). Relationships between nesting phenology and productivity are wellresearched. Earlier nesting birds typically have higher productivity than later-nesting birds (Reed et al. 2013; Saino
et al. 2017). However, the consequences of nesting phenology on other fitness components, such as survival, and
potential trade-offs between adult survival and productivity,
are less-studied (Reed et al. 2013; Bastianelli et al. 2021).
Understanding relationships between nesting phenology and
fitness is increasingly important as climate change drives
advances in spring green-up, and prey availability, in many
regions (Dunn 2004). If birds do not advance nesting timing
accordingly, phenological mismatch (i.e., when reproduction is out of synchrony with prey resources) could lead to
fitness costs that culminate in population declines (Møller
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et al. 2008). Indeed, species that have shifted their timing
of reproduction least in response to climate change have
experienced more severe population declines than species
that have shifted more (Møller et al. 2008). Therefore, it is
important to understand the associations between nesting
phenology and survival.
Breeding at suboptimal times (i.e., lower food availability
compared to the peak of the season) can lead to decreased
survival (Golet et al. 1998; Lof et al. 2012). Earlier nesting
adults may increase survival by obtaining high-quality nesting sites with abundant resources, by synchronizing their
reproduction with regional resource peaks, or both (Møller
1994). This may result in better physical condition at fledging for both early-breeding adults and their young, increasing their likelihood of survival. Adults who fledge young
early in the breeding season have more time to complete
molt and improve their physiological condition prior to
migration, which may allow them to depart earlier for overwintering areas. Ultimately, this may result in early breeders
obtaining higher quality winter territories than later breeding
adults (Smallwood 1988). Additionally, earlier nesting adults
may be more competitive, higher quality individuals than
later-nesting adults, with inherent traits that result in higher
survival and productivity (Verhulst and Nilsson 2008). Earlier hatched young have more time before autumn migration
to gain foraging experience, establish breeding territories for
subsequent years, and gain mass before migration, which
could result in increased survival compared to later hatched
young (Smallwood and Smallwood 1998; Catry et al. 2016).
Because raising young is the most energetically expensive
time of the nesting season for species with altricial young
(Hillström and Moreno 1992), there may be trade-offs
between adult survival and productivity if resources are limited. For example, adults raising young at suboptimal times
(i.e., mismatched with peak food availability) may have to
reallocate resources spent on self-maintenance to provisioning their young, which could result in poor body condition,
increased metabolic stress, and decreased adult survival
(Nilsson and Svensson 1996; Reed et al. 2013). Offspring
reared at suboptimal times may be provisioned with less
food, which can result in slow growth, poor body condition,
high nestling mortality, and lower probabilities of fledging
and recruitment (Visser et al. 2006).
The strength of timing effects on survival, and the capacity of individuals to shift their timing of reproduction, may
depend on regional patterns of climate and resource availability, species life history traits, or variability in adaptive capability among individuals within a population. For
example, thermoregulation costs, lasting snow cover, low
food availability, and inclement spring weather may inhibit
early nesting (Stevenson and Bryant 2000; Irons et al. 2017).
Steeper seasonal declines in productivity (Garcia-Heras
et al. 2016) and population declines (Both et al. 2010) are
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more pronounced for species that nest in regions with strong
seasonality and shorter nesting windows than those nesting in regions with weaker seasonality and longer nesting
windows. Migrant birds, particularly long-distance migrants
that often nest in highly seasonal environments, have incomplete knowledge of breeding ground conditions, which may
impede their ability to adjust the timing of migration departure, duration, and arrival to match resource peaks (Rubolini et al. 2010). Conversely, resident birds have real-time
information about breeding area resources and do not need
to time their migration to match resource peaks, which may
facilitate a shift to earlier nesting in response to changing
local conditions, like advancing green-up dates (Samplonius
et al. 2018). Long-distance migrants show fewer and weaker
phenological responses (Rubolini et al. 2010; Samplonius
et al. 2018), and stronger negative population effects of climate change than residents (Møller et al. 2008; Both et al.
2010).
American kestrels (Falco sparverius) are a widespread,
generalist predator, breeding across much of North America
(Smallwood and Bird 2020). Kestrel migration tendency
and distance co-varies with latitude. At northern latitudes,
kestrels are complete, long-distance migrants. Whereas at
southern latitudes kestrels migrate shorter distances, and
populations are partial migrants or complete residents
(Smallwood and Bird 2020). There is extensive evidence
of kestrel declines in eastern populations (Smallwood et al.
2009), but population trends in other regions are less clear
and, in some cases, stable or increasing (McClure et al.
2017). The causes of declines and the reason for geographic
differences in trends are still unclear, but regional differences
in patterns of seasonality and climate change, and differing adaptive capacity of distinct genetic groups and migratory phenotypes (Smallwood et al. 2009; Ruegg et al. 2021)
may contribute to these discrepancies. Western populations
are advancing their nesting phenology in response to climate change (Heath et al. 2012; Smith et al. 2017), whereas
this phenomenon has not been observed in eastern populations, creating a unique opportunity for comparative studies
of the impacts of nesting phenology on survival. Nesting
phenology of kestrels is positively correlated with the start
of spring (estimated from the extended spring index, see
supplement) and increasing Normalized Difference Vegetation Index (NDVI) values, which are a good proxy for small
mammal and insect abundance (Lafage et al. 2014; Smith
et al. 2017). Further, kestrels that nest before the start of
spring (measured by extended spring index) have higher
nesting success (i.e., ≥ 1 young fledged) and productivity
(i.e., number of young fledged) than later nesters across their
breeding range (Callery et al. 2022a). However, the relationship between nesting phenology and survival is not as
well understood, even though the population dynamics of
kestrels are particularly sensitive to changes in adult survival
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(McClure et al. 2021). Here we examined how nesting phenology relates to the apparent survival of adult and juvenile
birds so that we can better understand how climate-driven
changes in spring might impact populations.
We used long-term mark-and-recapture data from sites
in western (Idaho) and eastern (New Jersey) North America
(Fig. 1a) to investigate how the timing of nesting relative
to the start of spring affected the apparent survival of adult
American kestrels and their offspring. We hypothesized
that variation in nesting phenology and parental investment in raising young within sites, and regional differences in nesting windows between sites (~ 4 months in the
West, ~ 2 months in the East) would explain the apparent
survival of adults and that nesting phenology and regional
differences would explain apparent survival of juveniles. We
predicted that later-nesting adults and hatch-year (HY) birds
from later nests would have lower apparent survival rates
than early-nesting adults and hatch-year birds from earlier
nests, respectively, and we expected this effect to be stronger
at the eastern site, where the nesting window is shorter. We
also expected a stronger negative effect of late nesting on
the apparent survival of adults raising young, compared to
adults with failed nests, because of higher energy demands.
Finally, we included sex and winter temperatures in apparent survival analyses because of their effects on juvenile
recruitment rates of kestrels (Steenhof and Heath 2013) and
we examined temporal trends in clutch-initiation dates for
both populations.
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Methods
We collected mark-and-recapture data from birds nesting
in nest box networks in Idaho and New Jersey (Fig. 1a)
with long-term monitoring programs. The study site
in southwestern Idaho (43° N, 116° W) encompasses
approximately 1000 km2 within a mixture of sagebrush
steppe, agriculture, and rangelands, alongside exurban and
suburban areas in the municipalities of Kuna, Meridian,
and Boise. Wooden nest boxes were erected on roadside
utility poles or trees and spaced 1 km apart on average.
The number of nest boxes at this study site ranged from
98 to 113, depending on the year. Occupancy averaged
42% (± 14.4 SD) and, on average, occupied boxes (i.e.,
American kestrels with ≥ 1 egg) were 1.5 km apart. The
magnitude of seasonal changes in primary productivity is
relatively low and variable across landscapes and years
(Fig. 1b, see supplement for NDVI methods). The study
site in northwestern New Jersey (41° N, 74° W) encompasses approximately 200 k m2 and is comprised of agricultural lands with open fields embedded within forested
areas in Sussex and Warren counties (Smallwood et al.
2009). Wooden nest boxes were erected on roadside utility
poles, trees, and barns or other buildings, and spaced 1 km
apart. The number of nest boxes at this study site ranged
from 96 to 127, depending on the year. Occupancy averaged 28% (± 9.5 SD) and, on average, occupied boxes were

Fig. 1  Locations (a) of the longterm mark-and-recapture studies
used to estimate apparent
survival of American kestrels
with insets of annual Normalized Difference Vegetation
Index (NDVI) from Jan 1–Dec
31 (2001–2020) from five locations within 1 km of nest boxes
within the western site (Idaho,
b) and eastern site (New Jersey,
c). The blue lines represent
a smoothed average. Though
the study sites are at a similar
latitude, growing seasons are
more pronounced at the eastern
site compared to the western
site where vegetation green-up
is more heterogeneous and less
peaked
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1.5 km apart. Seasonal changes in primary productivity at
the New Jersey site are relatively higher in magnitude and
consistent from year to year (Fig. 1c).
We captured and marked adult American kestrels nesting
in nest boxes in Idaho from 2008 to 2017, and in New Jersey
from 1997 to 2017. We monitored nest boxes from March
to July and systematically checked for occupancy (every
1–3 weeks in Idaho; every 3–4 weeks in New Jersey). We
hand-captured adults in nest boxes during the incubation
stage. We then banded birds with US Geological Survey aluminum bands, measured and sexed (by plumage) adults, and
returned them to the nest box. Recaptured adults, or birds
that had been banded previously elsewhere, were recorded as
already banded. On average, we trapped 80% (± 7.4 SD) and
39% (± 16.6 SD) of nesting adults in Idaho and New Jersey,
respectively. Unless kestrels were first captured and marked
as nestlings, we were unable to age after-hatch-year (adult,
AHY) birds to more specific age categories. We returned to
the nest box to band, measure, and sex nestlings when they
were between 18 and 25 days old. We considered a nesting
attempt to be successful if it produced at least one young
that reached 25 days old (Anderson et al. 2016; Smallwood
2016).
We recorded the clutch-initiation date for each nesting
attempt by different methods, depending on the status of
the nest when it was discovered. When we discovered an
incomplete clutch of eggs in a nest box, we back-calculated
clutch-initiation dates assuming kestrels laid one egg every
other day (Bird and Palmer 1988). For clutches that were
discovered complete and the eggs hatched, we back-calculated 30 days from the hatching date and twice the clutch
size to estimate clutch initiation. If complete clutches never
hatched, we used the midpoint between the earliest and latest possible date of clutch initiation. The earliest possible
date of clutch initiation was the date we last found the box
empty or, if we removed another species nest (i.e., a European starling, Sturnus vulgaris, made the box unavailable to
kestrels), the date we removed the nest material plus one.
We estimated the latest possible date through back-dating,
as described above. If the range of possible dates was > 15,
we considered the clutch-initiation date as unknown. For
clutches that were discovered complete and hatched, we used
the ages of the nestlings, determined by plumage characteristics (Griggs and Steenhof 1993), to back-calculate the
clutch-initiation date by subtracting the plumage age of the
most mature nestling, 30 days for incubation, and twice the
clutch size.
We used extended spring index (SI-x) models to estimate the start of spring. SI-x provides a fine-scale (1 km),
validated model of the start of spring across North
America (Izquierdo-Verdiguier et al. 2018). These models were developed using daily maximum and minimum
surface temperatures to predict the first-bloom dates of
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lilac (Syringa chinensis and S. vulgaris), and honeysuckle
cultivars (Lonicera tatarica and L. korolkowii, Schwartz
et al., 2006; Rosemartin et al., 2015). SI-x measures are
highly correlated with land surface metrics (e.g., NDVI;
Zurita-Milla et al. 2017), but in North America SI-x values have proven more predictive of bird phenology than
NDVI (Kelly et al. 2016) and are positively associated
with American kestrel nest initiation (supplemental information). We extracted SI-x dates derived from Daymet
climate datasets (Thornton et al., 2018) at the latitude and
longitude of each occupied nest box per year using Google
Earth Engine code modified from Izquierdo-Verdiguier
et al. (2018). We used NDVI to represent seasonal patterns in primary productivity because NDVI captures yearround green-up and senescence (methods in supplement
information).
Ideally, nesting timing would be best represented as a
continuous representation of the degree of overlap between
seasonal resources and resource requirements of nesting
birds (Miller-Rushing et al. 2010). However, multi-state
survival models require individual time-varying covariates
to be categorical. We calculated the difference (in days)
between the clutch-initiation date and the year-specific
SI-x date for each nest attempt and compared the difference to the median difference for each study site. Then, we
categorized nesting attempts as “early” or “late” depending on whether the individual nesting attempt was before
(early) or after (late) the median. If a bird attempted to nest
more than once in a season (n = 16), the latest successful
nesting attempt was considered when assigning the bird
to a timing group for that year (n = 8), or if both nesting attempts were unsuccessful (n = 8), the latest nesting
attempt was considered.
We calculated winter minimum temperature anomalies for each study site to determine winter severity. We
used minimum temperatures because, especially in winter
months, minimum temperatures limit species distributions
(Root 1988; Zuckerberg et al. 2011) and lower minimum
temperatures affect energetic requirements associated
with thermoregulation (Meijer et al. 1999). The use of
anomaly values allowed for standardized representation of
climate change across locations with different minimum
temperatures. We used Google Earth Engine (Gorelick
et al. 2017) to extract minimum temperatures from the
Daymet dataset, which provides daily gridded climate data
at 1-km resolution (Thornton et al. 2018). For each year,
we averaged daily minimum temperature values within
a minimum bounding box of all nest box locations for
each study area. For each study site, we calculated winter
minimum temperature anomalies for each year as the difference between the mean winter minimum temperature
and the mean winter minimum temperature from a 30-year
(1981–2010) baseline period.
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Statistical analysis
For the survival analysis, we created mark-recapture models
using the multi-state model framework in Program MARK
(White and Burnham 1999), using the RMark package and
interface (Laake and Rexstad 2008). Multistate mark-recapture models estimate apparent survival (S), and capture probability (p) similar to Cormack–Jolly–Seber mark-recapture
survival models (Lebreton and Pradel 2002); additionally,
these models estimate transition probability (Ψ) between categorical states (Schwarz et al. 1993). We created six states,
hereafter referred to as strata, to represent nesting timing,
age, and nesting success of adults:
1)
2)
3)
4)
5)
6)

HY from a brood initiated “early”
HY from a brood initiated “late”
a successful AHY that initiated egg-laying “early”
a successful AHY that initiated egg-laying “late”
an unsuccessful AHY that initiated egg-laying “early”
an unsuccessful AHY that initiated egg-laying “late”

In addition to individual strata, we included sex as an
individual-level, static covariate and winter minimum temperature anomaly as a population-level, time-varying covariate to explain apparent survival.
We created capture histories for each bird by coding their
presence or absence in each year of the study and assigning
the appropriate stratum according to their age, timing category, and nesting success, for each year they were present.
Most (> 85%) American kestrels breed in their second year,
and there was no difference between clutch-initiation dates
between second year and older kestrels (Steenhof and Heath
2009). We had few known-age birds, so we did not consider
age effects other than categorical hatch-year and after-hatchyear designations. We designed a model set for apparent
survival that included all additive and interactive models
of the multi-state variable stratum, sex, and annual minimum winter temperature anomaly (“winter temperature”).
We examined models for p that included the covariates of
winter temperature and sex because we typically capture a
higher proportion of females compared to males (Steenhof
and Heath 2013), and we created a candidate model set for
Ψ that included an intercept-only model and an effect of
current stratum membership. We did not have the sample
size to build more complex models for Ψ. We fixed the Ψ
estimates of transition from AHY to HY and between HY
strata to 0 (Fig. S5). We used an iterative process to find the
best model by selecting the top model for p, then the best
model for Ψ, and used the top models for p and Ψ to build
models for S. We ran separate mark-recapture analyses for
western and eastern sites, using the same model set for each
analysis. We ran goodness of fit tests on survival models
with the variable ‘strata’ using functions from the package
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R2UCare (Gimenez et al. 2018). Specifically, we used the
functions overall_JWV to test the fit of the model, test3Gsr
to test for the presence of transients, and test3Gwbwa to test
for the presence of memory. For all tests we failed to reject
the null hypotheses (p > 0.05) indicating model fit, and lack
of issues with transients and memory.
We examined temporal trends in clutch-initiation dates
for each study site using generalized linear models with
Gamma distributions and log link functions in the R package glmmTMB (Brooks et al. 2017). We used a Gamma
distribution because clutch-initiation dates are positive data.
We plotted residual dispersion to check model assumptions.
We compared models using Akaike’s information criterion corrected for small sample size (AICc) and considered
the models with the lowest AICc to be most informative
(Anderson and Burnham 2004). We estimated 85% confidence intervals for model parameters to be compatible with
model selection criteria (Arnold 2010), and we considered
effects statistically unclear if 85% confidence intervals overlapped zero (Dushoff et al. 2019). We report parameters as
estimate ± standard error and with their 85% confidence
intervals. We conducted all analyses in R (R Core Team
2021, version 4.0.5).

Results
We captured and marked 1430 (first marked as AHY = 507,
HY = 923) individual kestrels at the western site in Idaho
and 1405 (first marked as AHY = 284, HY = 1121) individual kestrels at the eastern site in New Jersey. These
individuals were associated with 369 nest attempts from
2008 to 2017, and 301 nest attempts from 1997 to 2017, at
western and eastern sites, respectively. At the western site,
clutch initiation ranged from early March through late June
(Fig. 2a), and the median difference between clutch initiation
and the start of spring was -17 days (std. deviation = 21 days,
Fig. 2b). At the eastern site, clutch initiation ranged from
late March through early June (Fig. 2a), and the median difference between clutch initiation and the start of spring was
− 8 days (std. deviation = 12 days, Fig. 2b).
The best-supported model for recapture probability contained a covariate for sex. Western males were more likely
to be recaptured than females (β = 0.44; 85% CI 0.06–0.81,
Table S2) and eastern males were less likely to be recaptured
than females (β = − 1.21; 85% CI -1.7–0.71, Table S3). The
best-supported model for the transition probability was the
intercept-only model (Table S4, Table S5). Previous strata
state did not explain the transition probability to alternate
states.
The best-supported model for apparent survival at the western site included additive effects for the multi-state variable
stratum (includes nesting timing, age, and nesting success),

13

96

Oecologia (2022) 199:91–102
Table 2  Candidate model set to estimate apparent survival (S) of
eastern American kestrels in New Jersey captured between 1997 and
2017

Fig. 2  Density distributions of the clutch-initiation (CI) dates (a),
and the difference between clutch-initiation date and extended spring
index date (SI-x, b) for nests at western (Idaho, shaded orange,
n = 369, 2008–2017) and eastern (New Jersey, shaded blue, n = 301,
1997–2017) sites. The orange dashed line represents the median
overall CI date for western nests in “a” (April 12th) and the overall
median difference between CI and SI-x in “b” (− 17 days). The blue
dashed line represents the overall median CI date for eastern nesting attempts in “a” (April 27th) and the overall median difference
between CI and SI-x in “b” (− 8 days)

sex, and winter temperature (Table 1). The best-supported
model for apparent survival at the eastern site contained
the stratum and sex covariates (Table 2). Successful “early”
nesting birds had higher apparent survival rates compared to
successful “late” nesters in the West (Fig. 3, Table 3). Successful “late” nesting birds had higher apparent survival rates
Table 1  Candidate model set to estimate apparent survival (S) of
western American kestrels in Idaho captured between 2008 and 2017
Apparent survival (S)

K

ΔAICc

AICcWt

Stratum + Sex + Winter temperature
Stratum + Sex * Winter temperature
Stratum
Stratum + Sex
Stratum * Winter temperature
Stratum * Sex + Winter temperature
Stratum * Sex
Stratum * Sex * Winter temperature
Stratum + Winter temperature
Sex + Winter temperature
Sex * Winter temperature
Intercept only
Sex
Winter temperature

30
31
28
29
34
35
34
46
29
25
26
23
24
23

0
1.4
3.7
5.6
6.3
8.8
14.4
17.3
51.7
123.4
125.1
126.4
128.3
157.4

0.57
0.28
0.09
0.03
0.02
0.01
0
0
0
0
0
0
0
0

The table includes the model, number of model parameters (K), delta
AICc (ΔAICc), and model weights (AICcWt). The recapture probability sub-model contained a covariate for sex and the transition probability sub-model included an intercept-only term for all apparent survival models. See “Methods“ section for levels of the stratum variable
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Apparent survival (S)

K

ΔAICc

AICcWt

Stratum + Sex
Stratum + Sex + Winter temperature
Stratum + Sex * Winter temperature
Stratum
Stratum + Winter temperature
Stratum * Winter temperature
Stratum * Sex
Stratum * Sex + Winter temperature
Stratum * Sex * Wintertemperature
Sex
Intercept only
Sex + Winter temperature
Sex * Winter temperature
Winter temperature

30
31
32
29
30
35
35
36
47
25
24
26
27
24

0.0
1.0
3.0
25.1
26.5
31.8
44.0
45.1
58.9
129.3
130.2
130.4
132.5
141.2

0.55
0.33
0.12
0
0
0
0
0
0
0
0
0
0
0

The table includes the model, number of model parameters (K), delta
AICc (ΔAICc), and model weights (AICcWt). The recapture probability sub-model contained a covariate for sex and transition probability sub-model included an intercept-only term for all apparent survival models. See “Methods” section for levels of the stratum variable

compared to successful “early” nesters in the East (Fig. 3,
Table 3). At both sites, successful adults had higher apparent survival rates than unsuccessful adults, and there was no
difference in apparent survival of unsuccessful “early” and
“late” adults. Also, there was no difference in apparent survival
of “early” versus “late” hatch-year birds. Overall, hatch-year
birds had lower apparent survival estimates than after-hatchyear birds.
Winter minimum temperature anomalies were positively
associated with higher apparent survival estimates (β = 0.43;
85% CI 0.21–0.64, Fig. 3) in the West, and males tended to
have higher survival estimates than females, but the 85% confidence interval for sex crossed zero, so we considered this effect
statistically unclear (β = 0.11; 85% CI − 0.23–0.45). The top
model did not include winter temperature in the East. It did
include sex, but the confidence interval for sex crossed zero
(β = − 1.04; 85% CI − 1.30–0.01); therefore, we considered
this effect statistically unclear.
Clutch initiation date advanced (β = − 0.009; 85% CI
− 0.014–0.003) over the nine-year study period in the West
(Fig. 4), whereas clutch-initiation dates did not change over
the 20-year study period in the East (β = 0.003; 85% CI
− 0.002–0.004, Fig. 4).
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Discussion

Fig. 3  Apparent survival estimates for female western (Idaho) American kestrels from 2008 to 2017 (top) and eastern (New Jersey) American kestrels from 1997 to 2017 (bottom) categorized by age, whether
or not an adult successfully raised young, and nesting timing category
across winter minimum temperature anomalies. Circles and triangles are mean estimates and bars represent 85% confidence intervals.
Apparent survival of successful adults depended on whether they
were in the early (green) or late (coral) nesting timing category. Nesting timing did not affect apparent survival rates of hatch-year birds
or adults that did not successfully rear offspring. Apparent survival
rates of western kestrels increased as winter minimum temperature
anomaly increased, but this result was statistically unclear for eastern
kestrels

Our comparative study on the effects of nesting phenology
on the apparent survival of American kestrels showed differing trends at two distinct long-term monitoring sites in
western and eastern North America. At both sites, nesting
phenology affected the apparent survival of adult kestrels
that raised young, but the direction of the effect differed
between populations, with earlier nesters having higher
apparent survival than later nesters in the West, and later
nesters having higher apparent survival than earlier nesters in the East. Given that both populations have seasonal
declines in productivity (Callery et al. 2022a), these results
suggest that condition-dependent trade-offs between reproduction and survival exist for eastern kestrels, whereas this
trade-off is not apparent for western kestrels. Furthermore,
despite advancing springs across North America, clutch-initiation dates tended not to change at the eastern site, but they
are advancing at the western site. Seasonal trade-offs may
constrain shifts in nesting phenology in response to earlier
springs in the eastern population, whereas the high apparent
survival and productivity of early nesters in the West may
make that population well-suited to respond to directional
pressure to breed earlier (Fig. 5).
Results from the western site were consistent with our
predictions that earlier nesting adults raising young during
peak availability of resources would have higher apparent
survival than later-nesting adults. Further, because earlynesting American kestrels also have high productivity (Callery et al. 2022a), results suggest that, in the West, resources
do not create a trade-off between survival and reproduction,
that early nesters are higher quality individuals, or both.
Without experimental manipulation, the effects of nesting
timing and individual quality are difficult to tease apart, and

Table 3  Effect size (β) for each covariate in the top apparent survival model for American kestrels captured at the western (Idaho) and eastern
(New Jersey) site
Covariate

Western (Idaho) site

Eastern (New Jersey) site

Effect size (β) Lower CI (85%) Upper CI (85%) Effect size (β) Lower CI (85%) Upper CI (85%)
Stratum
Earlier hatch-year
Later hatch-year
Earlier adult, nest-success
Later adult, nest-success
Earlier adult, nest failure
Later adult, nest failure
Sex (male)
Winter Temperature (min anomaly ℃)

− 3.52
− 3.76
− 0.44
− 1.18
− 1.74
− 1.91
0.11
0.43

− 4.05
− 4.48
− 0.81
− 1.56
− 2.40
− 2.45
− 0.23
0.21

− 2.99
− 3.05
− 0.07
− 0.80
− 1.08
− 1.37
0.45
0.64

− 3.95
− 5.32
− 0.80
− 0.10
− 1.06
− 2.31
− 1.04
–

− 4.66
− 6.80
− 1.19
− 0.53
− 1.94
− 3.86
− 1.30
–

− 3.23
− 3.85
− 0.41
0.34
− 0.18
− 0.76
0.01
–

Hatch-year birds had lower apparent survival rates than adult birds. Among successful adults, nesting timing had different effects between sites.
Winter temperatures had a positive effect on apparent survival rates of western kestrels but that variable was not in the top model for eastern kestrels
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Fig. 4  Trends in clutch-initiation dates of American kestrel nests
at the western (Idaho) site from 2008 to 2017 (orange) and eastern
(New Jersey) site from 1997 to 2017 (blue). The shaded areas represent the 85% confidence interval around the predicted line, and each
point represents the clutch-initiation date at an occupied nest box.
American kestrels are nesting earlier at the western site, but there is
no change in nesting phenology at the eastern site

most likely a combination of nesting timing and individual
effects contribute to the success of early nesters (Verhulst
and Nilsson 2008). Winter temperatures have warmed over
the past two decades at the western site (Heath et al. 2012,
unpub data) and spring is advancing, especially on irrigated
croplands within the study area (Smith et al. 2017). Warming winters and earlier springs may have removed previous constraints to early nesting, such as early-season cold
temperatures that increase thermoregulation costs of survival and delay egg production, or low food availability that
affects incubation and raising young (Stevenson and Bryant
2000; Woodworth et al. 2017). Indeed, our results show that
western kestrels had higher apparent survival with increasing winter temperature anomalies, and Heath et al. (2012)
showed earlier nesting after warmer winters. Late summer
at the western site is subject to extreme heat and drought
conditions, increasingly so with climate change (Sohrabi
et al. 2013), which may have negative effects on both the
survival and productivity of later breeders (Albright et al.
2010). Together, the removal of early constraints, additional
costs of late nesting, and seasonal declines in survival and
productivity may explain the advancement of nesting phenology in response to climate change in the West.
At the eastern site, results did not fit our predictions—
later-nesting adults that raised young had higher apparent
survival than earlier nesters. This survival pattern contrasts
with the observed seasonal decline in productivity (Callery
et al. 2022a). The narrow distribution of clutch-initiation
dates and seasonal changes in primary productivity suggest
that there is a very narrow window of high resources for raising young at the eastern site. Seasonally limited resources
may cause condition-dependent trade-offs between survival
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Fig. 5  The density distributions of the difference between clutch-initiation (CI) dates and the start of spring (SI-x) in polygons, apparent survival estimates (mean and 85% confidence interval) of an early
(green point and line) and late (coral triangle and line) successful,
adult females, and seasonal trends in productivity (dark green line)
based on Callery et al. (2022a) for the western (Idaho) site (a) and
eastern (New Jersey) site (b). At the western site, seasonal declines
in both productivity and apparent survival may be allowing for earlier nesting in response to climate change via directional selection,
whereas at the eastern site an inverse pattern between apparent survival and productivity may create a constraint for earlier nesting

and reproduction (Stearns 1989). Early in the season adults
may allocate resources to raising young at a cost to survival,
whereas later in the season this pattern is reversed. Alternatively, winter and early spring weather events, such as
increased severity and frequency of blizzards (Cohen et al.
2018), and extreme precipitation events in spring (Huang
et al. 2017) may decrease survival through delay in arrival
time, and a decrease in prey activity, hunting efficiency, and
provisioning rates (Olsen and Olsen 1992). Unpredictable
early season conditions suggest that the potential survival
costs of arriving at the breeding grounds and nesting early
are high and nesting later may be a safer strategy (Stevenson
and Bryant 2000). Inverse seasonal patterns in survival and

Oecologia (2022) 199:91–102

reproduction may represent different investments by individuals of different ages or experiences. Though we did not find
evidence of associations between age and timing. Hatch-year
birds transitioned to both early and late states, and previous
research at the western site found no difference in clutchinitiation dates between second-year birds and older birds
(Steenhof and Heath 2009). Narrow resource windows and
inverse seasonal patterns of survival and reproduction may
constrain eastern American kestrels from nesting earlier in
response to climate change.
Migratory phenotype is another individual-level trait that
can affect nesting phenology, with long-distance migrants
generally nesting later than residents and short-distance
migrants because of arrival time constraints and incomplete
knowledge of breeding ground conditions (Rubolini et al.
2010). In American kestrels, the arrival time of short-distance migrants is earlier in years with warmer spring temperatures, whereas the arrival time of long-distance migrants
remains unchanged (Powers et al. 2021). The kestrel population at the western site is partially migratory (i.e., some
individuals migrate, while others are year-round residents;
Anderson et al. 2016), and migration distances are becoming
shorter with warming winters (Heath et al. 2012). Hence,
flexible migratory strategies may work in concert with
reduced environmental constraints to allow for earlier nesting in Idaho. Less is known about migratory phenotypes and
distances of kestrels from the eastern site, although Smallwood and Bird (2020) suggest that at these mid-latitudes,
juveniles tend to be fully migratory, whereas adult migratory strategy may be dependent on weather patterns. Results
showed that the apparent survival of eastern kestrels was
not affected by winter temperatures, which could suggest
that a large proportion of the population are migratory, so
do not experience local winter weather conditions. Furthermore, because migration is the life history stage with the
highest mortality risks (Klaassen et al. 2014; reviewed in
Robinson et al. 2020), it is difficult to tease apart whether
migratory strategy is directly affecting apparent survival or
indirectly affecting apparent survival through nesting phenology. Finally, genetic differences between earlier and later
breeding birds (Saino et al. 2017) and between migrants and
residents (Ruegg et al. 2021) suggest that underlying genetic
composition may be affecting nesting phenology directly or
indirectly through migratory phenotype. American kestrels
in western North America are genetically distinct from those
in eastern North America and may have differing levels of
adaptive capacity to shift phenology (Ruegg et al. 2021).
Overall, adults with failed nests had lower apparent survival rates than adults that raised young, which could reflect
lower inherent individual fitness (Blums et al. 2005), or
higher dispersal and permanent emigration rates of unsuccessful adults compared to successful adults (Steenhof and
Heath 2009). We did not detect effects of nesting phenology
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in adults with failed nests, but only in those that raised
young. The brood-rearing stage is when concurrent parental and offspring energy demand is at its highest (Hillström
and Moreno 1992), so limited resources are most impactful
during this stage. The majority of unsuccessful nests at both
sites failed at the egg stage (Idaho: 87%, New Jersey: 78%),
suggesting these individuals did not invest as much energy
and resources as those raising young, so were unaffected by
nesting timing. Additionally, nesting adults may mitigate
their own mortality risk by abandoning nests when survival
costs are too high compared to potential productivity benefits (Clutton-Brock 2019).
Consistent with previous studies (reviewed by Martin
1995), the apparent survival of hatch-year birds was lower
than that of adults. However, contrary to previous studies
of kestrels and other birds (Verhulst and Tinbergen 1991;
Catry et al. 2016; Robinson et al. 2020), the apparent survival of hatch-year birds was not affected by the timing of
nests they were hatched from. Nestlings hatched later in the
season may have fewer siblings than those hatched earlier
in the season because of reduced clutch size, hatching success, or nestling survival (Callery et al. 2022a). This could
potentially mitigate the costs of later hatching on size, condition (Shutler et al. 2006), and subsequent survival of the
remaining nestlings. Alternatively, the low overall apparent
survival of hatch-year birds in our study may have limited
our ability to detect a significant effect of nesting timing on
apparent survival of this age class.
It is important to note that our model, like most survival
models, estimates apparent survival as opposed to true survival (Lebreton and Pradel 2002; Schaub and Royle 2014)
and hence cannot distinguish between death and permanent
emigration (Schaub and Royle 2014). American kestrels
with higher dispersal rates (e.g., unsuccessful breeders,
Steenhof and Heath 2009) or longer dispersal distances (e.g.,
later hatched young, Miller and Smallwood 1997; migrants,
McCaslin et al. 2020) have lower recapture likelihood and
hence lower apparent survival estimates, so we cannot disentangle whether nesting phenology or dispersal patterns
decreased apparent survival estimates.
In sum, although spring is advancing at both the western
and eastern sites, American kestrel populations are responding differently. Western kestrels are nesting earlier, whereas
nesting phenology did not change for eastern kestrels. In
the West, flexible migratory strategies and warmer winters
may reduce early-nesting constraints and allow kestrels to
maximize fitness by nesting earlier when both productivity
and survival rates are highest. Hence, this population may
be well-suited to respond to directional pressure to breed
earlier with a warming climate. Conversely, at the eastern
site, potential constraints from early inclement weather and
narrow seasonal availability of resources may result in tradeoffs between seasonal declines in productivity and seasonal
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increases in survival. These trade-offs may constrain nesting
phenology in eastern populations in response to climatedriven advances in spring, which is particularly concerning
in light of steep declines in eastern populations.
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