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Abstract
Introduction and Objectives. Effective wildlife management requires identifying which
species, or populations, may be vulnerable to climate-driven phenological mismatch. Critical
knowledge gaps remain, however, about the underlying genetic and environmental factors that
affect the adaptive potential of populations to shift phenology. We addressed these gaps by
accomplishing four objectives. First, we conducted a large-scale investigation of the
demographic consequences of phenological mismatch on a migratory bird, the American kestrel
(Falco sparverius). Second, we investigated the genetic variants associated with the nesting and
migration phenology of kestrels. Third, we developed an individual-based simulation model to
test hypotheses about mechanisms underlying phenology shifts. We used American kestrels as a
focal species for these objectives because western kestrels show evidence of phenology shifts
(i.e., are nesting earlier) whereas eastern kestrels do not. Finally, we parameterized the model a
Department of Defense (DoD) Partners in Flight (PIF) Mission-sensitive Species, burrowing owl
(Athene cunicularia), and a DoD PIF Tier 2 species, Canada warblers (Cardellina canadensis).
Technical Approach. We added avian monitoring capacity at several DoD installations and
leveraged research networks to sample American kestrels’ environmental, phenological,
demographic, and genetic information across their entire North American range. These data were
used to develop SCOPE (Simulation of Carry-Over and Phenological Effects), an individual-
based model to test hypotheses about phenology shifts in response to climate change. Once
SCOPE was developed, we used published research and data mining approaches to parameterize
SCOPE for Canada warblers and burrowing owls.
Results. Western kestrels had concomitant declines in reproduction and survival during the
breeding season, whereas eastern kestrels showed seasonal trade-offs between reproduction and
survival, with early nesters having higher productivity and lower survival than later nesters. We
identified genetic variants within candidate genes that modulate the circannual rhythms of
American kestrels. Genetic variants showed both multi- and single-gene effects on the timing of
nesting and migration passage. Further, heterozygosity at individual loci of candidate genes
differed between western kestrels and eastern kestrels. However, when population-specific
genotypes were seeded in SCOPE, genetic composition and diversity had only very small effects
on nesting phenology shifts. Alternatively, results from SCOPE showed that seasonal declines in
adult survival, as well as competition for nest sites and mates, were strong drivers of earlier
nesting. Finally, results from the Canada warbler SCOPE model showed that their nesting
phenology did not keep pace with climate-driven advances in spring, suggesting that they are
vulnerable to mismatch. Burrowing owl SCOPE results suggested owls might be resilient to
mismatch.
Benefits. Results suggest that large populations that lack seasonal trade-offs in reproduction and
survival are likely to be resilient to phenological mismatch. Alternatively, populations that have
seasonal trade-offs between reproduction and survival, declining populations where density-
dependent processes like competition for nest sites and mates is lower, or small populations with
limited genetic potential are likely to be vulnerable to mismatch. Genetic results suggest that
future research on the genes that modulate the metabolic and light input pathways to biological
clocks will be helpful for revealing variants associated with phenology. Finally, we provide
methodological approaches for integrating genetic and ecological information into models that
simulate both evolutionary and ecological processes, which is an important advancement for
understanding and predicting population responses to environmental change and increases our
understanding of the mechanisms underlying phenology shifts.



Executive Summary
Introduction

Changes in phenology—the timing of life cycle events—are one of the most notable
responses to climate change (Thackeray et al. 2016). In particular, birds are nesting earlier to
synchronize energetically expensive reproduction with peaks in food resources that are
advancing with earlier springs (Both et al. 2004). Changes in nesting phenology are not
homogenous, however, as many populations have not shifted clutch initiation dates to keep pace
with advancing springs (Visser and Both 2005). Lack of phenology shifts can lead to temporal
decoupling of reproduction and food resources (i.e., phenological mismatch) that affect nesting
productivity (Visser et al. 2006), adult survival (Callery et al. 2022), and population viability
(Mgller et al. 2008). Therefore, it is important to understand population characteristics associated
with vulnerability to phenological mismatch. This information will help us predict whether
species of concern on Department of Defense (DoD) lands may, or may not, be sensitive to
climate-driven changes in spring or have the capacity to shift the timing of life cycle events in
response to climate change.

Although phenology shifts are widespread in birds, the pace of the shifts, the strength of
mismatch effects, 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 (Visser et al. 2003, Both
et al. 2004). Growing seasons and climatic conditions vary widely across North America
(Eastman et al. 2013). Individuals breeding in some regions may experience narrow, peaked
resource availability during the breeding season (i.e., short nesting window), whereas individuals
in other regions may experience a prolonged, dampened resource curve (i.e. long nesting
window), or milder, more predictable weather patterns. The former may result in higher fitness
for individuals that optimally time breeding, but may have extreme fitness consequences for
individuals that mistime breeding. Conversely, the latter may result in lower productivity peaks,
but mistiming effects may be less severe (Garcia-Heras et al. 2016). Further, birds that nest in
highly seasonal environments are often migratory, which may have carry-over effects (i.e.,
events in one season affecting events in subsequent seasons, (Sherry and Holmes 1996), Webster
et al. 2002) on nesting phenology shifts (Williams et al. 2015). For example, long-distance
migrants may not cue into earlier growing seasons on the breeding ground because they are away
on their winter grounds, thus limiting their ability to nest earlier (Both et al. 2010). Finally, the
timing of clutch initiation (Sheldon et al. 2003, Postma 2014) and plasticity in timing (Nussey et
al. 2005) are heritable traits, suggesting an underlying role of genetics. Polymorphisms in genes
that underlie daily (circadian) and yearly (circannual) rhythms create distinct early or late
circannual phenotypes (chronotypes, Liedvogel et al. 2009, Saino et al. 2019) that are likely to
affect timing across the annual cycle. The prevalence of particular chronotypes and their
underlying genetic mechanisms can vary spatially (Johnsen et al. 2007) and within populations
(Bossu et al. 2022). This variation can lead to the differential capacity for phenological responses
and resilience to climate change if chronotypes are heritable and favored by selection (Nussey et
al. 2005, Helm et al. 2019). Because DoD installations are located in diverse geographic and
climatic regions across the nation and managers must effectively manage species with a wide
variety of migratory strategies, it is important to understand how variation in these factors
impacts vulnerability to climate-driven phenological mismatch.



American kestrels (Falco sparverius) are widespread, generalist predators that breed
across much of North America (Smallwood and Bird 2020). Kestrels are leap-frog migrants with
northern populations being more migratory and migrating farther distances than southern
populations (Heath et al. 2012). Kestrels are dietary generalists and prey on insects, small
mammals, birds, and lizards (Smallwood and Bird 2020). Clutch initiation of kestrels is
positively correlated with the start of spring and is timed so that raising broods corresponds with
the timing of peaks in small mammals. Western and eastern kestrel populations are spatially and
genetically distinct (Ruegg et al. 2021) and show differences in phenological responses to
climate change. Kestrel clutch initiation dates are advancing with earlier springs in western
populations (Smith et al. 2017), but remain unchanged in eastern populations, despite advancing
springs (Del Corso 2016). The causes of variation in phenological shifts between populations,
and potential fitness consequences are unknown. Further, geographic variation in population
trends, specifically steeper declines in eastern populations (Smallwood et al. 2009, McClure et
al. 2017), emphasizes the importance of understanding population characteristics associated with
vulnerability to mismatch consequences. We used American kestrels as a focal species to
examine how phenological mismatch affects productivity and survival across a large spatial
scale, to identify the genetic basis of intraspecific variation in seasonal timing, and to develop an
individual-based model (IBM) to evaluate and test these potential mechanisms underlying shifts
in bird breeding phenology. Finally, we demonstrated the value of full annual cycle modeling by
parameterizing the IBM for a DoD Partners in Flight (PIF) Mission-sensitive Species (burrowing
owl, Athene cunicularia), and a DoD PIF Tier 2 species (Canada warbler, Cardellina canadensis)
(DoD PIF 2019).

Objectives

We accomplished four objectives to address critical knowledge gaps and to develop a
portable modeling framework for investigating phenological shifts across annual cycles. First,
we conducted a large-scale investigation of the demographic consequences of phenological
mismatch on American kestrels (Chapter 1). Second, we investigated the genetic variants
associated with the nesting and migration phenology of kestrels (Chapter 2). Third, we
developed an individual-based simulation model to test hypotheses about mechanisms
underlying phenology shifts (Chapter 3). Finally, we parameterized the model for two species of
high management importance to DoD for meeting testing and training missions (Chapter 4).

This project was developed to meet the DoD FY2017 Statement of Need (SON) 17-01
by improving our fundamental and applied understanding of the abiotic and biotic factors that
affect the phenology of migratory land birds, the consequences of phenology shifts (or lack
thereof), and forecasting how land bird populations may change under non-stationary climate
conditions. Specifically, we addressed three research needs (abbreviated in italics below) listed
in the SON.
Research Need: develop monitoring protocols for tracking of phenological changes, trends, and
their implications. We used long-term research sites, widespread citizen science programs, and
systematically selected study sites on multiple DoD installations to collect spatially and
temporally comprehensive data on phenology, productivity, and genetics (Chapters 1 and 2). In
addition, we used a unique combination of in-person and virtual monitoring for data collection.
We used these data to test the following hypotheses in Chapter 1:

e Mistimed individuals have lower productivity and survival, likely because of lower
resource availability.



e The strength of mistiming effects would vary spatially because of regional differences in
seasonally abundant resources.

e Mistimed individuals compensate for low resource availability by altering the onset of
incubation, advancing the average hatch date, and spreading-out offspring needs.

Research Need: Increase understanding of specific genetic factors.
We identified polymorphisms in candidate genes that are linked to circadian rhythms,
demonstrated their association to the timing of clutch initiation and migration, and showed
differences in genetic composition and diversity across populations responding differently to
climate change (Chapter 2). Further, we explored how genetic diversity at seven loci within
candidate genes (top1, peakl, nacc2, mybbpla, scn5al, cpne4, cryl) affected the potential for
evolutionary adaptation under a resource concentration pathway (RCP) 8.5 climate scenario
(Chapter 3). Finally, we developed methods for incorporating functional genetics into IBMs
(Chapter 3). In Chapter 2 we addressed the following hypotheses:
e Genetic mechanisms underlie phenology.
e Genetic variation in candidate genes modulates individual responses to environmental
conditions resulting in different timing phenotypes.
e Populations showing different responses to climate change have different standing genetic
diversity at clock-linked genes.
In Chapter 3 we addressed the hypothesis:
e Composition and diversity within circadian rhythm candidate genes affect nesting
phenology shifts.
Research Need: Life-cycle modeling to (a) assess emerging theoretical understanding of
phenology and its role in maintaining species viability and (b) address resultant conservation
and management challenges within relevant, testable, and adaptable conceptual frameworks.
A fundamental theme in our research approach was the need to study phenology shifts within the
context of a full annual cycle. For example, to study the factors that affect phenology shifts in
avian nesting seasons, we also studied the factors associated with inter-annual variation in
migration strategies. We created the Simulation of Carry-Over and Phenological Effects
(SCOPE) modeling framework, used SCOPE to test hypotheses about mechanisms underlying
phenology shifts (Chapter 3), and then demonstrated the model’s portability for additional
species (Chapter 4). In Chapter 3, we addressed the following hypotheses:

e Seasonal timing effects on nesting success facilitate earlier nesting (i.e., advancing
nesting phenology is driven by earlier nesting birds having higher nesting success than
later nesters).

e Seasonal timing effects on adult survival facilitate earlier nesting (i.e., advancing nesting
phenology is driven by earlier nesting birds having higher survival than later nesters).

e Carry-over effects from migration strategy, migration distance affect nesting phenology
shifts.

In Chapter 4, we hypothesized that once developed, a modeling framework that represents the
full annual cycle of a migratory land bird could be parameterized for different species using data
mining approaches. We parameterized SCOPE with data for Canada warblers and burrowing
owls to forecast changes in phenology, phenological mismatch, nest success, survival, and
population sizes from 1980 — 2099 under resource concentration pathways (RCP) 4.5 and 8.5.

Technical Approach



Research on factors affecting phenology shifts can be challenging because significant
shifts in the timing of annual-cycle events are likely to occur over time scales that are greater
than the period of a single research project. At the same time, there is a pressing need to identify
vulnerable species and develop management strategies for systems that are changing relatively
rapidly in ecological-time frames. Our approach for overcoming this challenge and providing
information to DoD managers in a timely fashion was to design a project that is conducted on a
scale that will capture spatial-temporal variation in annual cycles and genetic diversity and then
use the empirical information to develop a simulation model to test hypotheses about the causes
and consequences of phenology shifts across extended temporal scales (Figure A).

We broadly monitored and
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productivity. We identified several single-nucleotide polymorphisms (SNPs) within candidate
genes associated with circannual rhythms; specifically, variants within genes associated with
metabolic and light input pathways that modulate the biological pacemaker. Then, we created
genetic assays to screen thousands of samples from nesting and migratory kestrels and linked
genotypes to the timing of clutch initiation and migration. We used the ecological and genetic
information to parameterize our individual-based model, SCOPE. The model was tested and
calibrated through iterative comparisons with empirical information. We parameterized the
virtual environment with data from global climate models. Then, we tested several ecological
and evolutionary hypotheses about the mechanisms underlying phenology shifts. Finally, we
demonstrated the portability of the model for other land bird species and forecast population
changes at RCPs 4.5 and 8.5.

Results and Discussion

In our continent-wide study on phenology and American kestrel productivity (Chapter 1),
we found seasonal declines in productivity across the breeding range. Specifically, kestrels
nesting before the start of spring had higher nest success and productivity than later nesters, with
the most severe effects of timing occurring in the Northeast. Also, phenological mismatch
affected the apparent survival of adult birds that raised young, but the direction of the effect



differed between kestrel populations (Figure
B). In the west, early nesting individuals had
higher survival than later nesters, whereas in
the east later nesters had higher survival than
earlier nesters. Finally, males from later
breeding pairs started incubating sooner than
males from earlier breeding pairs, resulting in
increased hatching asynchrony and age
spread of young.

Concomitant seasonal declines in
reproduction and survival in western
populations may facilitate population-level
responses to earlier springs, whereas seasonal
trade-offs and high risks associated with
mistiming may constrain phenology shifts for
eastern populations. Indeed, clutch initiation
dates are advancing at western sites, but
remain static at eastern sites. Different
patterns of seasonal changes in reproductive
success and survival between populations
may be related to the duration of growing
seasons and nesting windows at each site. In
the west, the growing season is long and
kestrels have a long (~4 month) nesting
window. In the east, the growing season is
shorter and kestrels have a shorter (~2 month)
nesting window. Although the early onset of
incubation may be an adaptive behavior that
advances the average hatch date and spreads
out energetic demands, it is unknown how
impactful this will be in mitigating the fitness
consequences of phenology mismatch.

In Chapter 2, we estimated the
heritability of American kestrel clutch
initiation and found that clutch initiation was
highly heritable (4* = 0.42), supporting the
hypothesis of underlying genetic
mechanisms. Our Fst analysis revealed 7,227
polymorphic loci in 1843 genes. We
identified links to seasonal behavior for 21 of
these genes using a literature search. Because
assay design for specific loci of interest is not
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Figure B The density distributions of the difference
between clutch-initiation (Cl) dates and the
extended spring index (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)
for the western (ldaho) 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.

always possible, we were only able to design targeted assays for loci in 10 of the 21 total genes
of interest. These included: 2 core clock genes (cryl, npas?2), 4 clock-linked genes (fop1, cpne4,
mybppla, and philppl), 2 genes linked to morphological differentiation potentially important to
avian migration (/mbrl and nacc?2), and the remaining 2 genes (peak! and scn5a) were known to



be differentially expressed in the hypothalamus in Swainson’s thrushes (Catharus ustulatus)
during non-migratory and migratory states (Johnston et al. 2016).

We genotyped 971 American kestrel nestlings at the 10 loci. An ordinal principal
component (PC) analysis showed strong correlations among genotypes, and PChesting 1 accounted
for 17.7% of the variance and with high loadings top! and peakl and low on cpnel and cryl.
Further, there was an interaction between PChesting 1 scores and the start of spring (SI-x, Figure
C). Specifically, the SI-x effect was greater for individuals with higher PChesting 1 values and
lower for individuals with low PChresting 1
values. Genes with high loadings on PChesting
1 may govern sensitivity to environmental
cues, like vegetation green-up. If true,
individuals with high PChesting 1 scores may
show more plasticity because of interannual
differences in environmental conditions
compared to individuals with lower PChesting
1 scores. Finally, there was some evidence
of single gene effects on clutch initiation.
PC1 Birds that were homozygous minor for

-2.8 mybbpla and nacc? tended to initiate

-0.7 clutches earlier. These results suggest that
— -01 genetic variants underlie variation in clutch
— 06 initiation phenology and that some
- 19 genotypes may be more sensitive to
environmental cues than others, resulting in
different capacities (i.e., plasticity) to shift
phenology in response to environmental
change.

In addition to nesting samples, we
genotyped 165 American kestrels during
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Figure C Predicted clutch initiation dates of American
kestrels based on an interaction between candidate
gene PCresting 1 and the extended spring index (SI-x). The
effect of Sl-x depended on PCresting 1 scores. Specifically,

effects of the SI-x were strongest in individuals with
higher PCresting 1 scores (homozygous minor in peakl
and top1, homozygous major cryl and cpne4); whereas
the effects of the SI-x were weaker in individuals with
low PChesting 1 scores (homozygous major in peakl and
top1, homozygous minor in cryl and cpne4).

autumn migration passage through Boise,
Idaho. Similar to the clutch initiation results,
categorical principal component analysis of
genetic variation demonstrated high
collinearity between certain genes (fop1,
peakl, phlppl) and there was a significant

correlation between PChigration 1 and

migration passage date. Genotypes associated with early migration were similar to genotypes
associated with early clutch initiation. Our results highlight a strong association between timing
and genetic variation in clock-linked genes (top 1, for migration and clutch initiation, mybppla
for clutch initiation, and to a lesser extent, phlppl for migration) known to entrain the core clock
pathway. Here, we document what is, to the best of our knowledge, the first example of an
association between intra-population genetic variation in genes that entrain biological clocks, and
the existence of early and late migratory chronotypes (timing phenotypes) within populations.

Finally, PChesting 1 scores were higher in the eastern population compared to the western
population. This difference likely comes from the lack of lower scores (i.e., homozygous major
topl and peak! individuals) in the east compared to the west (Figure D). Further, western



individuals tended to have higher mean heterozygosity than eastern individuals at two genes that
had high loadings on PC 1, top! and peakl. These results suggest that eastern populations may
have less overall genetic diversity within candidate genes than western populations, which could
limit the capacity for phenological responses and resilience to climate change — a hypothesis we
tested in Chapter 3.

We successfully developed a full flyway-scale model for American kestrels that
incorporates genetic and life-history traits, and evolutionary and ecological processes (Chapter
3). Patterns from SCOPE simulations from 1980 — 2019 matched observed patterns of nesting
phenology shifts, average nest success, productivity, migration distances and distance changes,
and ecoregion population trends. In addition, we developed a set of assumptions and criteria to
consider when developing an IBM with functional genetics. This was the first IBM to represent
allele inheritance, functional effects on traits (nesting phenology), and selection pressures at a
large spatial and temporal scale with realistic dispersal patterns and processes.

We created experiments within SCOPE to examine how genetic composition and
diversity, and demographic and life-history traits affect nesting phenology shifts and population
trends. Interestingly, genetic composition and diversity had small effects on nesting phenology
shifts. In the western, eastern, and heterozygous seed experiments, all loci trended towards
fixation for alleles favorable for earlier egg-laying dates, with cpne4, cryl, mybbpla, peakl, and
topl trending towards fixation for major or minor alleles. Strong fitness advantages of early
nesting individuals compared to later nesting individuals created strong directional selection for
early nesting, and allele frequencies trended toward fixation of an early chronotype. Experiments
performed here do not support the hypothesis that genetic diversity or composition of eastern
American kestrels are constraining their ability to nest earlier. However, if heritability and
genetic mechanisms were removed from the model, advancement of egg-laying was slower and
populations tended to decline, reflecting the importance of representing evolutionary processes in
biological IBMs.

In another set of experiments, we ran seven versions of SCOPE to summarize changes
across the western range and one experiment across the eastern range. We considered the model
with all effects “on” as the baseline model. We considered another experiment with all the
climate and genetic effects “off” as a static-environmental model (i.e., no climate change). In the
remaining experiments,
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mismatch on nesting success was turned off, kestrels advanced egg-laying dates at a faster rate
compared to the baseline scenario. With the effect of phenological mismatch on productivity
turned off, kestrels had higher nesting success and the population size grew larger than in any
other scenario. At higher population sizes there was higher competition for mates and nest sites
compared to lower population sizes. This density-dependent effect created additional selection
pressure to nest earlier, thus driving the faster advancement of nesting. This result was
unexpected because the effect of mismatch on nesting success and productivity is thought to be
one of the main drivers of earlier nesting. However, if populations are declining because of
mismatch effects on nest success or productivity, then it is less likely that density-dependent
effects, such as competing for nest sites or mates, would drive earlier nesting. Thus, contrary to
current belief, the effect of phenological mismatch on productivity may not be the main driver of
earlier nesting.

In general, adult survival increased in experimental runs because of increasing winter
minimum temperatures. Interestingly, when the effects of phenological mismatch and minimum
temperatures on adult and juvenile survival were removed, the rate of egg-laying advancement
drastically slowed, suggesting that mismatch effects on survival are important drivers of earlier
nesting, even more so than the effects of phenological mismatch on productivity. This conclusion
is further supported by the results from the eastern flyway model. The eastern model has similar
sub-models to the western model, with the exception of the survival model which reflects the
seasonal trade-off between productivity and adult survival (Figure B). In this case, successful
adults that nest earlier, have lower survival than successful adults that nest later. The trade-off
between survival and reproduction constrained egg-laying advancement, resulting in declining
nest success as individuals became more mismatched, and populations declined. Results from
SCOPE reinforce that seasonal trade-offs are likely to limit changes in nesting phenology and
may be a reliable indicator of phenological vulnerability in migratory birds. Finally, carry-over
effects from changes in migration tendency and distance had a small effect on the rate of egg-
laying phenology advancement, suggesting that migration does not constrain earlier nesting, as
previously hypothesized. Results from SCOPE experiments reinforce the risk assessment and
management recommendations in Chapter 1. Specifically, large populations that lack seasonal
trade-offs in reproduction and survival are likely to be resilient. Whereas large populations that
have seasonal trade-offs between reproduction and survival, declining populations where
competition for nest sites and mates is decreased, or small populations with limited genetic
potential are likely to be vulnerable to mismatch.

In Chapter 4, we collated data for each species from previous research, used data mining
approaches, and collected expert opinions from collaborators. Then, we re-parameterized
SCOPE with the appropriate spatial, climate, and environmental variables and the species-
specific biology-environmental parameters for each model sub-process. We obtained high-
quality data on Canada warbler biology from Monitoring Avian Productivity and Survival
(MAPS) sites and other sources and learned that Canada warbler reproduction and survival were
sensitive to phenology. Within SCOPE simulations, we found that Canada warbler nesting
phenology did not advance at the same pace as climate-driven advances in spring, leading to
increased mismatch over time, decreased adult survival, and declining population trends. It was
challenging to find high-quality raw data on burrowing owl life history. To parameterize
SCOPE, we used published information about nest success and survival that contained little to no
information about sensitivity to mismatch. Within SCOPE simulations, burrowing owls did not
advance their phenology to keep pace with earlier springs, but their populations remained



relatively stable, likely because of inadequate representation of sensitivity to mismatch.
Together, these results highlight the importance of data curation and availability. Developing
tools to assess climate vulnerability will require access to longitudinal data that can be
challenging for individuals to manage and share. Improved resources for data management could
aid in capturing archival data that would be useful for creating natural resource management
tools. In sum, though SCOPE was initially developed for a data-rich species, American kestrels,
the sub-processes within the model were made to be generalizable to other species of migratory
birds. Parameterization of SCOPE for Canada warblers revealed that phenological mismatch is
likely to become a threat for this species. Alternatively, parameterization of SCOPE for
burrowing owls suggested the phenological mismatch would not be an emerging threat for owls,
but challenges in obtaining quality data for burrowing owls make this result tenuous.

Implications for Future Research and Benefits

We met our objectives to quantify the effects of phenological mismatch on productivity
and survival of American kestrels and to uncover potential behavioral adaptations to mismatch.
American kestrels proved to be a valuable model species to study these concepts. Our results
suggest that whether populations adapt by shifting phenology can differ geographically
depending on regional environmental conditions, nesting window constraints, and trade-offs
between fitness components. Furthermore, Zow they adapt can differ, with some individuals or
populations shifting phenology to keep pace with advancing spring, while others may alter
incubation behavior to mitigate mismatch impacts. Further research is needed to determine the
extent to which similar regional variation of mismatch consequences exist for other species,
particularly specialist species that must closely track specific resources, and imperiled species for
which fitness consequences could be particularly detrimental to their recovery. Distributions of
seasonal breeding windows may help to assess mismatch vulnerability or potential for seasonal
trade-offs. Eastern kestrels had very narrow and peaked nesting window compared to western
kestrels (Figure B). Data collection on the distribution of clutch initiation dates for DoD species
of concern could be an important first step toward identifying species that have constraining
selection on nesting timing and may indicate seasonal trade-offs.

We successfully estimated the heritability of nesting phenology, identified genetic
variants with targeted candidate gene analysis to document significant correlations between
genetic variation and the timing of clutch initiation and migration of American kestrels, and
directly compared gene complexes and heterozygosity of individual loci between western and
eastern kestrels. We found support for the hypothesis that phenology is governed by genetic
mechanisms. Further, this study is the first to document the intra-population genetic that creates
early and late migratory chronotypes (timing phenotypes) within populations. These results are
particularly important in light of the absence of information on intrinsic factors affecting
phenology shifts. While we have successfully identified some genes of small effect, we are
missing others and may not be accounting for potential epigenetic effects. Repeating this analysis
with whole-genome sequencing may reveal additional clock-linked genes that contribute to the
observed patterns. Finally, we showed that western and eastern kestrels have different genetic
diversity at these important loci, supporting the hypothesis that differences in genetics may affect
the adaptive capacity of populations to respond to climate change. Understanding species and
population-level adaptive capacity for phenological responses to climate change will help DoD
managers assess and prioritize management actions for DoD PIF Mission-sensitive Species
(MSS, DoD PIF 2019). Our work showed that underlying genetics play an important role in
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phenology and capacity to shift phenology, but that adaptive capacity could vary regionally, or
even within a population. Although these processes are intrinsic to populations, external stressors
(natural and anthropogenic) can limit the realization of potential adaptive capacity. Hence,
resource managers can play an important role in reducing anthropogenic stressors (e.g. pollution,
land-use change) to reduce barriers to dispersal and gene flow for populations with fundamental
adaptive capacity, and to limit controllable pressures for more vulnerable populations with less
adaptive capacity.

Our work provided methodological approaches for integrating genetic and ecological
information into models that simulate both evolutionary and ecological processes, which is an
important advancement for understanding and predicting population responses to environmental
change and increases our understanding of the mechanisms underlying phenology shifts. Further,
we tested several hypotheses about the mechanisms underlying phenology shifts. We found no
evidence that, in large populations, composition or diversity within circadian rhythm candidate
genes limit nesting phenology shifts. If ecological patterns (seasonal declines in nesting success
and adult survival) were present, allele frequencies quickly trended towards earlier nesting
phenotypes. This conclusion may not be true for all populations, though. For example, if
populations experienced a bottleneck and were significantly smaller (e.g., <500 individuals),
some of these alleles may move towards fixation because of drift, as opposed to selection.

We found that the effect of phenology mismatch on adult survival, competition for nest
sites and mates, and evolutionary processes are key mechanisms driving earlier nesting. The
effect of phenological mismatch on nesting success was not a strong driver of earlier nesting, and
migration was only a weak constraint to earlier nesting. In addition to this new knowledge, these
experiments provide DoD land managers insight into populations that are resilient to and those
that are vulnerable to climate-driven phenological mismatch. Results from SCOPE experiments
reinforce the risk assessment and management recommendations in Chapter 1. Specifically, large
populations that lack seasonal trade-offs in reproduction and survival are likely to be resilient.
Whereas large populations that have seasonal trade-offs between reproduction and survival,
declining populations where competition for nest sites and mates is decreased, or small
populations with limited genetic potential are likely to be vulnerable to mismatch. Finally,
SCOPE provided the ability to directly compare two hypotheses to explain why eastern
American kestrels are not advancing their egg-laying dates: 1) lack of genetic diversity, or 2)
seasonal trade-offs between reproduction and survival. Results clearly demonstrate that seasonal
trade-offs constrain phenology shifts and eastern kestrels are not limited by genetic diversity (see
Eastern Seed experiment).

We demonstrated the portability of SCOPE by parameterizing SCOPE for DoD species
on concern. Parameterization of SCOPE for Canada warblers revealed that phenological
mismatch is likely to become a threat for this species. Alternatively, parameterization of SCOPE
for burrowing owls suggested the phenological mismatch would not be an emerging threat for
owls, but challenges in obtaining quality data for burrowing owls make this result tenuous.
Though SCOPE was initially developed for a data-rich species, American kestrels, the sub-
processes within the model were made to be generalizable to other species of migratory birds,
but challenges in data accessibility and small sample sizes limited our ability to use SCOPE to
the full extent. Developing tools to assess climate vulnerability will require access to longitudinal
data that can be challenging for individuals to manage and share. Improved resources for data
management could aid in capturing archival data that would be useful for creating natural
resource management tools.
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Chapter 1. Effects of phenological mismatch on American

kestrel (Falco sparverius) demography
Kathleen R. Callery, John A. Smallwood, Sarah E. Schulwitz, Anjolene R. Hunt, Jason M. Winiarski,
Emilie R. Snyder, Christopher J. W. McClure, Richard A. Fischer, Julie A. Heath

Abstract

Timing of avian reproduction coincides with peak food availability to optimize resources
for raising young and self-maintenance. When reproduction is mistimed, birds could incur costs
that affect their productivity or survival. Climate-driven advances in spring are increasing this
phenological mismatch in some regions, which can result in decreased individual fitness, and
subsequent population declines. We quantified the relationship between phenological mismatch
and productivity of American kestrels (Falco sparverius) across their breeding range in the
United States and southern Canada using nest observations from long-term nest box monitoring,
remote trail cameras on Department of Defense (DoD) sites, and community-scientist-based
programs. In addition, we studied whether phenological mismatch affected the apparent survival
of American kestrels in two intensively-monitored populations in the western (Idaho) and eastern
(New Jersey) United States. Lastly, we quantified the relationship between phenological
mismatch, parental incubation behavior, and hatch asynchrony to examine whether behavioral
adaptations may mitigate demographic costs associated with mistiming. We found seasonal
declines in productivity across the breeding range. Specifically, kestrels nesting before the start
of spring had higher nest success and productivity than later nesters, with the most severe effects
of timing occurring in the Northeast. Also, phenological mismatch affected the apparent survival
of adult birds that raised young, but the direction of the effect differed between populations. In
the west, early nesting individuals had higher survival than later nesters, whereas in the east later
nesters had higher survival than earlier nesters. Finally, males from later breeding pairs started
incubating sooner than males from earlier breeding pairs, resulting in increased hatching
asynchrony and age spread of young. Concomitant seasonal declines in reproduction and
survival in western populations may facilitate population-level responses to earlier springs,
whereas seasonal trade-offs and high risks associated with mistiming may constrain phenology
shifts for eastern populations. Indeed, clutch initiation dates are advancing at the western site, but
remain static at the eastern site. Different patterns of seasonal changes in reproductive success
and survival between populations may be related to the duration of growing seasons and nesting
windows at each site. In the west, the growing season is long and kestrels have a long (~4 month)
nesting window. In the east, the growing season is shorter and kestrels have a shorter (~2 month)
nesting window. Although the early onset of incubation may be an adaptive behavior that
advances the average hatch date and spreads out energetic demands, it is unknown how
impactful this will be in mitigating the fitness consequences of phenology mismatch. In sum, we
demonstrate that American kestrels are vulnerable to demographic consequences of phenological
mismatch and that this vulnerability varies across space. Our research suggests that northeastern
populations could be more vulnerable to mismatch than western populations, which may be one
factor contributing to the steep population declines documented in the northeast. Length of
nesting windows and growing seasons may be a useful indicator to survey for migratory species
that may be vulnerable to phenological mismatch.
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Objectives

In this chapter, we aimed to improve our fundamental and applied understanding of the
consequences of phenological mismatch on the demographics of migratory land birds. We used
American kestrels as a focal species because this species shows phenology variation and
differential responses to climate change across its range. Specifically, our objectives were to: 1)
quantify the effects of phenological mismatch on the productivity of American kestrels on DoD
sites and nest monitoring sites across the breeding range, 2) quantify the effects of phenological
mismatch on the survival of American kestrels in two intensively-monitored populations in
eastern and western North America, and 3) investigate whether American kestrels altered
incubation behavior to mitigate the effects of mistiming on fitness. We tested the following
hypotheses:

H1: Mistimed individuals have lower productivity and survival, likely because of lower resource
availability.

H2: The strength of mistiming effects would vary spatially because of regional differences in
seasonally abundant resources

H3: Mistimed individuals compensate for low resource availability by altering the onset of
incubation, advancing the average hatch date, and spreading-out offspring needs.

We predicted that productivity and survival would decline as phenological mismatch
increased, and that these effects would be steepest in regions with narrow, peaked resource
availability during the breeding season (i.e., short nesting window). Further, we predicted that
individuals that mistimed nesting (i.e., initiated clutches later) would start incubating earlier in
the egg-laying sequence than well-timed individuals.

This research addressed two research needs within the SERDP Statement of Need (SON) 17-01:
Develop monitoring protocols for tracking of phenological changes, trends, and their
implications. We used long-term research sites, widespread citizen science programs, and
systematically placed study sites on DoD installations to collect spatially and temporally
comprehensive data on phenology and productivity. In addition, we used a unique combination
of in-person and virtual monitoring for data collection.

Life-cycle modeling to assess emerging theoretical understanding of phenology and its role
in maintaining species viability. Though many studies have looked at the effects of nesting
phenology on productivity, few have examined the effects of nesting phenology on survival — an
important fitness component and population demographic. Further, no other migratory bird
studies have aimed to combine results from both productivity and survival models to
demonstrate how these important demographics may interact and affect population vulnerability
to phenological mismatch.

Background

Optimal reproductive performance occurs when birds time reproduction to coincide with
peak food availability (Lack 1968). Within a population, variation in nesting phenology (i.e., the
timing of clutch initiation) relative to prey phenology may result in variation in individual fitness
(Visser and Gienapp 2019). Specifically, deviations from optimal timing, or mismatch, can affect
productivity (Both and Visser 2005, Visser and Gienapp 2019). As climate change advances the
onset of spring across temperate regions (Schwartz et al. 2006, Christiansen et al. 2011), unequal
phenology shifts among different taxa and trophic levels have resulted in mismatches between
animal breeding seasons and food availability (Visser and Gienapp 2019). In birds, the resource-
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limited conditions of this phenological mismatch can result in lower survival (Golet et al. 1998,
Lofet al. 2012), lower productivity (Both and Visser 2005, Visser and Gienapp 2019), or trade-
offs between these fitness components (Reed et al. 2013, Bastianelli et al. 2021). Ultimately,
these impacts may contribute to population declines, especially when the rate of spring
advancement outpaces species’ capacities for adaptation (Visser et al. 2012). Indeed, species that
have shifted timing the least in response to climate change have experienced more severe
population declines than species that have shifted the most (Meller et al. 2008). Therefore, it is
important to understand population characteristics associated with vulnerability to phenological
mismatch. This information will help us predict whether species of concern on DoD lands may,
or may not, be sensitive to climate-driven changes in spring or have the capacity to shift the
timing of life cycle events in response to climate change.

Although phenological mismatch effects are widespread in birds, the strength of effects
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 (Visser et al. 2003, Both et al. 2004). Growing
seasons and climatic conditions vary widely across North America (Eastman et al. 2013).
Individuals breeding in some regions may experience narrow, peaked resource availability
during the breeding season (i.e., short nesting window), or may face increased thermoregulation
costs, lasting snow cover, low food availability, and inclement spring weather that may inhibit
early nesting (Stevenson and Bryant 2000, Irons et al. 2017). Individuals in other regions may
experience a prolonged, dampened resource curve (i.e. long nesting window), or milder, more
predictable weather patterns. The former may result in higher fitness for individuals that
optimally time breeding, but may have extreme fitness consequences for individuals that mistime
breeding. Conversely, the latter may result in lower productivity peaks, but mistiming effects
may be less severe (Garcia-Heras et al. 2016). Seasonal declines in productivity (Garcia-Heras et
al. 2016) and population declines (Both et al. 2010) are both more pronounced for species
breeding in regions with strong seasonality and shorter nesting windows than those breeding in
regions with weaker seasonality and longer nesting windows. In North America, climate change
effects also vary regionally, with the steepest spring warming and increases in frost-free days
occurring in northern and western regions (Easterling 2002, Peterson et al. 2013), extreme
temperatures and drought occurring in southern and western regions (Peterson et al. 2013), and
increasing extreme precipitation events occurring in eastern regions (Kunkel et al. 2013, Huang
et al. 2017). Further, the capacity of individuals to shift phenology may also be affected by life-
history traits such as migratory strategy. Migrant individuals, that often breed 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), which can result in fewer, weaker phenological responses (Rubolini
et al. 2010, Samplonius et al. 2018), and stronger negative population effects of climate change
compared to residents (Moller et al. 2008, Both et al. 2010). Because DoD installations are
located in diverse geographic and climatic regions across the nation and managers must
effectively manage species with a wide variety of migratory strategies, it is important to
understand how variation in these factors impacts vulnerability to climate-driven phenological
mismatch.

When mismatch does occur, behavioral plasticity of individuals offers one potential
mechanism for species to respond and adapt to resource-limited conditions. For example,
initiating continuous incubation before clutch completion results in earlier average hatch date
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(i.e., less mismatched, Both and Visser 2005), and staggers egg hatching dates and nestling
development in a phenomenon called “hatch asynchrony” (Clark and Wilson 1981). Having
offspring that reach their peak growth rate at different times lessens the per diem energy burden
on parents during brood-rearing (Wiebe and Bortolotti 1994, Mainwaring et al. 2014), which
could be adaptive if brood-rearing is occurring under mismatched, resource-limited conditions.
However, little research exists on the relationship between phenological mismatch and hatch
asynchrony.

American kestrels (Falco sparverius) are widespread, generalist predators that breed
across much of North America (Smallwood and Bird 2020). Kestrels are leap-frog migrants with
northern populations being more migratory and migrating farther distances than southern
populations (Heath et al. 2012). Kestrels are dietary generalists and prey on insects, small
mammals, birds, and lizards (Smallwood and Bird 2020). Clutch initiation of kestrels is
positively correlated with the start of spring (estimated from the extended spring index, SI-x,
Appendix 1) and Normalized Difference Vegetation Index (NDVI) values, which are a good
proxy for small mammals (Smith et al. 2017) and insect (Lafage et al. 2014) abundance.
Specifically, the timing of NDVI peaks is positively correlated with the timing of peaks in small
mammals, regardless of land cover type (Smith et al. 2017). Furthermore, the median timing of
kestrel clutch initiation is 12 days before the SI-x (Figure A1.1), suggesting that incubation and
brood-rearing would coincide with increasing and relatively high NDVI values (Figure A1.2)
and prey abundance based on known durations of egg-laying (8 — 12 days) and incubation (26 —
32 days) for the species (Smallwood and Bird 2020). Kestrel clutch initiation dates are advancing
with earlier springs in western populations (Smith et al., 2017), but remain unchanged in eastern
populations, despite advancing springs (Del Corso 2016). The causes of geographic variation in
phenological shifts, and potential fitness consequences are unknown. Further, geographic
variation in population trends, specifically steeper declines in eastern populations (Smallwood et
al. 2009, McClure et al. 2017), emphasizes the importance of understanding population
characteristics associated with vulnerability to mismatch consequences. Here we used American
kestrels as a focal species to examine how phenological mismatch affects productivity and
survival across a large spatial scale so that we can better understand population characteristics
associated with vulnerability to mismatch consequences and how climate-driven changes in
spring might impact land bird populations.

Materials and Methods
Productivity

We obtained nest records from the Cornell Lab of Ornithology’s NestWatch program
(1997 — 2018; https://nestwatch.org/) and The Peregrine Fund’s American Kestrel Partnership
(AKP, 2007 — 2019; https://kestrel.peregrinefund.org/), which collects data across North
America. Additionally, we collected data as part of our long-term Southwestern Idaho Kestrel
Study (2008 — 2018), and the Full Cycle Phenology Project (2018 —2019) where we monitored
nest boxes on Department of Defense (DoD) installations in Washington, New Mexico,
California, New York, North Carolina, and Kansas (Figure 1.1).

Data collection protocols varied depending on the monitoring program, but nest records
were typically collected through repeat nest monitoring by community science volunteers,
professional biologists, time-lapse camera imagery, or a combination of these approaches.
Additional details on data collection for each of these nest monitoring programs, data processing
steps, and determination of breeding parameters are provided in Appendix 1. We restricted our
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analysis to nests in which 1) eggs or nestlings were observed and the date on which the first egg
of the clutch was laid (clutch initiation date) was directly observed or could be reliably back-
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Figure 1.1 Map of American kestrel nests included in the productivity analysis (n = 2144). Each point represents
one nest, darker points represent multiple nests, and the color of the point indicates the source of data: the
American Kestrel Partnership (2007 — 2019, n = 758), the Full Cycle Phenology Project on Department of Defense
land (2018 — 2019, n = 67), the long-term monitoring site in southwestern Idaho (2008 — 2018, n = 416), or
Cornell NestWatch (1997 — 2018, n = 903).

calculated from the information provided, 2) nest outcome could be assigned from nestling age
or participant comments, and 3) the number of young fledged was provided.
Survival

We collected mark-and-recapture data from American kestrels nesting in nest box
networks in Idaho (Southwestern Idaho Kestrel Study) and New Jersey (Figure 1.2a) with long-
term monitoring programs. The study site in southwestern Idaho (43° N, 116° W) encompasses
approximately 1000 km? within a mixture of sagebrush steppe, agriculture, and rangelands,
alongside exurban and suburban areas in the municipalities of Kuna, Meridian, and Boise. 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 (Figure 1.2b, see Appendix 1 for NDVI methods).
The study site in northwestern New Jersey (41° N, 74° W) encompasses approximately 200 km?
and is comprised of agricultural lands with open fields embedded within forested areas in Sussex
and Warren counties (Smallwood et al. 2009). 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 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 (Figure 1.2¢). We
captured and marked adult American kestrels 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, attached United States Geological
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Survey (USGS) aluminum bands, measured and sexed (by plumage) individuals, and returned
them to the nest box. Recaptured adults, or individuals 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 individuals 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
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Figure 1.2 Locations (a) of the long-term 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.

successful if it produced at least one young that reached 25 days old (Anderson et al. 2016,
Smallwood 2016) and recorded the clutch-initiation date for each nesting attempt (see Appendix
1).

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.
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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.

Incubation onset and hatch asynchrony

We quantified incubation onset and hatch asynchrony at a subset of DoD nest boxes
equipped with cellular or non-cellular trail cameras (Spypoint, see Appendix 1) that captured
complete time-lapse imagery from clutch initiation date through the end of the incubation period
(Figure 1.3). Cameras were initially programmed to capture three images per day, but cellular
cameras were switched remotely via the Spypoint website to take hourly images once the clutch
was initiated. We defined the relative onset of incubation behavior as the difference in days
between clutch initiation and the first day in which each parent began incubation (i.e., laying
prone over the eggs and the majority of the eggs are covered). For hatch asynchrony, we
calculated the variation in plumage-determined ages (Griggs and Steenhof, 1993) among
nestlings approximately 23 — 25 days after the first egg hatched.

Figure 1.3 Images collected by trail cameras in American kestrel nest boxes were used to record nesting
phenology and adult incubation behavior. Images progress from left to right then top to bottom, showing mate
pairing, egg-laying, and brood rearing.

Phenology mismatch

We estimated the start of spring using extended spring-index (SI-x) models. These
models predict the first-bloom dates of lilac (Syringa chinensis and S. vulgaris), and honeysuckle
cultivars (Lonicera tatarica and L. korolkowii) using daily maximum and minimum surface
temperatures (Schwartz and Hanes 2010, Rosemartin et al. 2015). Lilac and honeysuckle first-
bloom dates have been used to indicate the onset of spring, and the ubiquitous distribution of
these ornamental plants allows for the meaningful comparison of spring phenology across space,
time, and different biomes (Schwartz and Hanes 2010). SI-x models have been validated across
North America and provide fine-scale (1 km) estimates of the start of spring (Izquierdo-
Verdiguier et al. 2018). SI-x measures are highly correlated with land surface metrics (e.g.,
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NDVI; Zurita-Milla et al. 2017), and in North America SI-x has proven more predictive of bird
phenology than NDVI (Kelly et al. 2016). Further, the timing of American kestrel clutch
initiation was positively associated with SI-x (Figure A1.4). We used NDVI to represent
seasonal patterns in primary productivity because NDVI captures year-round green-up and
senescence (Appendix 1). 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). For the productivity
analysis, we created an index of phenology mismatch by calculating the difference in days
between the clutch initiation date and the SI-x date. For multi-state survival models, which
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” (before the median) or “late” (after the median). If an individual
attempted to nest more than once in a season (n = 16), the latest successful nesting attempt was
considered when assigning the individual to a timing group for that year (n = 8), or if both
nesting attempts were unsuccessful (n = 8), the latest nesting attempt was considered.

Statistical analyses

We used a zero-inflated generalized linear mixed-effect model with a Generalized
Poisson distribution and log-link to evaluate candidate model sets for predicting productivity in
the glmmTMB package (Brooks et al. 2017) for R (R Core Team 2020). This model included two
sub-models: (1) a zero-inflation to model the probability of nest failure, and (2) a conditional
generalized Poisson to model count data (i.e., number of young fledged from successful nests).
Each sub-model included a random effect of categorical year. Covariates included in the
conditional and zero-inflation model candidate sets for productivity were phenological
mismatch, latitude, and longitude. All covariates were scaled and centered. We assessed
correlations among covariates and all were |r] < 0.5. Candidate models included all possible
combinations of the three covariates. We evaluated candidate models for the zero-inflation
model with an intercept-only conditional model first. Then, we used the best supported zero-
inflated model to evaluate candidate models for the conditional model. We examined dispersion
and residuals of the top model using the DHARMa package (Hartig 2020)
to check model assumptions.

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
() 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) hatch-year (HY) from a brood initiated “early”

2) HY from a brood initiated “late”

3) a successful after-hatch-year (AHY) that initiated egg-laying “early”
4) a successful AHY that initiated egg-laying “late”

5) an unsuccessful AHY that initiated egg-laying “early”

6) an unsuccessful AHY that initiated egg-laying “late”
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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 individual 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 clutch-initiation dates do not differ between
second year and older individuals (Steenhof and Heath 2009). We had few known-age
individuals, so we did not consider age effects other than categorical HY and AHY 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 ¥ 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 ¥. We fixed the ¥ estimates of transition from AHY to
HY and between HY strata to 0 (Figure A1.7). We used an iterative process to find the best
model by selecting the top model for p, then the best model for ¥, and used the top models for p
and ¥ 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 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 created gamma-distributed generalized linear models with log links to examine the
relationship between within-brood variation in nestling age and the onset of incubation behavior
for each parent. One male did not incubate until 20 days after clutch initiation, much later than
the other males. We ran models with and without this observation to ensure the value did not
have an undue influence on results. We used generalized linear models with negative binomial
distributions and a log link to determine if male incubation behavior (number of days between
clutch initiation date and the first day of incubation) was predicted by phenological mismatch or
location (latitude and longitude). For these models, we used data from both successful and
unsuccessful nesting attempts with complete photographic records of incubation behavior.

For each of the three analyses (i.e., productivity, survival, hatch asynchrony), we
compared models using Akaike’s information criterion corrected for small sample size (AIC.),
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 estimates +
standard error and with their 85% confidence intervals. We conducted all analyses in R (R Core
Team 2021, version 4.0.5).
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Results and Discussion
Productivity

We collected data from 2144 American kestrel nesting attempts that occurred between
1997 and 2019 in the contiguous United States and southern Canada (Figure 1.1). Most nests
were successful (n = 1642, 77%) and raised 1 — 7 young (mean = 3.9, standard deviation = 1.1).
Clutch initiation dates ranged from 1 March — 14 June (Figure A1.1). The median timing of
clutch initiation was 12 days before SI-x (range -67 to 64, Figure Al.1).

The best zero-inflation model for predicting nest failure included all two-way interactions
between phenological mismatch, latitude, and longitude (Table 1.1a). Nests were more likely to
fail if they were initiated after the SI-x, and this effect was strongest in the northeast (Table
1.2a). The best conditional model for productivity was the additive effect of phenological
mismatch with an interaction between latitude and longitude (Table 1.1b, Table 1.2b). These
results suggest that productivity was lower for successful pairs that nested after the SI-x,
regardless of location. When nesting earlier relative to the SI-x, individuals in the northeast had
more young per brood than individuals in the west and southwest (Figure 1.4). However,
northeastern individuals experienced a sharper decline in productivity with increasing mismatch
than individuals from other regions included in our study (Figure 1.4).
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Figure 1.4 The predicted number of American kestrel fledglings per nesting attempt was best predicted by the
additive effect of phenological mismatch (the difference in days between the clutch initiation date and the
extended spring index date, SI-x) and the interactive effect of latitude and longitude. The lines represent the
model predictions, the shaded regions are the 85% confidence intervals, the panels show predictions at different
longitudes from west to east, and the colors indicate predictions at different latitudes. The number of young
fledged per nesting attempt decreased as pairs laid eggs after the Sl-x. The effect of late clutch initiation was
strongest in the northeast, where productivity was high then steeply declined.
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Table 1.1 Candidate models for predicting the number of American kestrel young fledged per
nesting attempt. Zero-inflated generalized Poisson mixed-effect linear models included the
covariates of phenological mismatch (the difference between the clutch initiation date and the SI-
x), longitude in °W, and latitude in °N. During evaluation of zero-inflated models (a) the
conditional model was an intercept-only model. All conditional models (b) included the top
model for zero-inflation (all two-way interactions among mismatch, latitude and longitude).
Each conditional and zero-inflation model included a random effect of year. Tables show models
with weights > 0.01 and an intercept-only model, number of parameters estimated (K), AAICc,
and model weights (wi). We evaluated 15 candidate models for each sub-model.

a. Zero-Inflation Models K AAIC. Wi
Mismatch*Latitude + Latitude*Longitude + Mismatch*Longitude 11 0.0*  0.70
Mismatch*Latitude*Longitude 12 1.9 0.27
Mismatch*Longitude + Latitude*Longitude 10 64 0.03
Intercept-only 5 159.1 0
2AICc =7040.9

b. Conditional Models K AAIC. Wi
Mismatch + Latitude*Longitude 15 0.0? 0.64
Mismatch*Latitude + Latitude*Longitude + Mismatch*Longitude 17 1.9 0.25
Mismatch*Latitude*Longitude 18 34 0.12
Intercept-only 11 64.0 0

*AICc =6976.9

Table 1.2 Parameter estimates, standard errors, and 85% confidence intervals (CI) from the top
zero-inflation model (a), and the top conditional model (b) explaining American kestrel
productivity 1997 — 2019 across North America.

a. Parameters Estimate 85% CI 85% CI Std. Error
(Intercept) -1.33 -1.58 -1.07 0.18
Mismatch 0.98 0.85 1.12 0.10
Latitude -0.01 -0.11 0.09 0.07
Longitude -0.29 -0.38 -0.19 0.07
Mismatch*Latitude 0.18 0.09 0.27 0.07
Mismatch*Longitude 0.40 0.26 0.54 0.10
Latitude*Longitude -0.33 -0.45 -0.22 0.08
b. Parameters Estimate 85% CI 85% CI Std. Error
(Intercept) 1.365 1.35 1.38 0.01
Mismatch -0.067 -0.08 -0.05 0.01
Latitude 0.001 -0.01 0.01 0.01
Longitude 0.004 -0.01 0.01 0.01
Latitude*Longitude 0.034 0.02 0.04 0.01
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Survival

We captured and marked 1430 (first marked as AHY = 507, HY = 923) individuals at the
western site in Idaho and 1405 (first marked as AHY =284, HY = 1121) individuals at the
eastern site in New Jersey that 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 dates ranged from early March through late June (Figure 1.5), and the
median difference between clutch initiation and the start of spring was -17 days (std. deviation =
21 days, Figure 1.5). At the eastern site, clutch initiation dates ranged from late March through
early June (Figure 1.5), and the median difference between clutch initiation and the start of
spring was -8 days (std. deviation = 12 days, Figure 1.5). The best-supported model for recapture

probability contained

0.051a 1b Location a covariate for sex.
[] Eastern Western males were
0031 [ ] western more likely to be
[ recaptured than
’::; G | females (B = 0.44;
8o 85% C10.06-0.81,
‘ Table A1.3) and
0.01- eastern males were
less likely to be
0.00 recaptured than
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Figure 1.5 Density distributions of the clutch initiation dates (a), and the difference

females (B =-1.21;
85% CI-1.7-0.71,
Table A1.4). The best-
supported model for
the transition

probability was the
intercept-only model
(Table A1.5, Table
A1.6). 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), sex, and winter temperature (Table
1.3). The best-supported model for apparent survival at the eastern site contained the stratum and
sex covariates (Table 1.4). Successful “early” nesting individuals had higher apparent survival
rates compared to successful “late” nesters in the West (Figure 1.6, Table 1.5). Successful “late”
nesting individuals had higher apparent survival rates compared to successful “early” nesters in
the East (Figure 1.6, Table 1.5). 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” HY individuals. Overall, HY individuals had lower apparent survival estimates than AHY
individuals. Winter minimum temperature anomalies were positively associated with higher

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 clutch initiation date for western nests in “a” (April 12th) and the
overall median difference between clutch initiation and Sl-x in “b” (-17 days). The
blue dashed line represents the overall median clutch initiation date for eastern
nesting attempts in A (April 27th) and the overall median difference between clutch
initiation and Sl-x in B (-8 days).
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apparent survival estimates ( = 0.43; 85% CI 0.21-0.64, Figure 1.6) 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 ( = 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 (f = — 1.04; 85% CI -1.30-0.01), so we considered this
effect statistically unclear. Clutch initiation date advanced (f = -0.009; 85% CI -0.014—0.003)
over the nine-year study period in the West (Figure 1.7), whereas clutch initiation dates did not
change over the 20-year study period in the East (f = 0.003; 85% CI -0.002—0.004, Figure 1.7).
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Figure 1.6 Apparent survival
estimates for female western (Idaho)
American kestrels from 2008 —2017
(top) and eastern (New Jersey)
American kestrels from 1997 — 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 individuals 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.
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Table 1.3 Candidate model set to estimate apparent survival (S) of western American kestrels in

Idaho captured between 2008 — 2017. The table includes the model, number of model parameters
(K), delta AIC: (AAICc), and model weights (wi). The recapture probability submodel contained

a covariate for sex and the transition probability submodel included an intercept-only term for all
apparent survival models. See methods for levels of the stratum variable.

Apparent Survival (S) K AAIC, Wi
Stratum + Sex + Winter temperature 30 0 0.57
Stratum + Sex * Winter temperature 31 1.4 0.28
Stratum 28 3.7 0.09
Stratum + Sex 29 5.6 0.03
Stratum * Winter temperature 34 6.3 0.02
Stratum * Sex + Winter temperature 35 8.8 0.01
Stratum * Sex 34 14.4 0
Stratum * Sex * Winter temperature 46 17.3 0
Stratum + Winter temperature 29 51.7 0
Sex + Winter temperature 25 123.4 0
Sex * Winter temperature 26 125.1 0
Intercept only 23 126.4 0
Sex 24 128.3 0
Winter temperature 23 157.4 0

Table 1.4 Candidate model set to estimate apparent survival (S) of eastern American kestrels in
New Jersey captured between 1997 — 2017. The table includes the model, number of model
parameters (K), delta AICc (AAICc), and model weights (wi). The recapture probability
submodel contained a covariate for sex and transition probability submodel included an
intercept-only term for all apparent survival models. See methods for levels of the stratum
variable.

Apparent Survival (S) K AAICc Wi
Stratum + Sex 30 0.0 0.55
Stratum + Sex + Winter temperature 31 1.0 0.33
Stratum + Sex * Winter temperature 32 3.0 0.12
Stratum 29 25.1 0
Stratum + Winter temperature 30 26.5 0
Stratum * Winter temperature 35 31.8 0
Stratum * Sex 35 44.0 0
Stratum * Sex + Winter temperature 36 45.1 0
Stratum * Sex * Winter temperature 47 58.9 0
Sex 25 129.3 0
Intercept only 24 130.2 0
Sex + Winter temperature 26 130.4 0
Sex * Winter temperature 27 132.5 0
Winter temperature 24 141.2 0
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Table 1.5 Effect size (B) for each covariate in the top apparent survival model for American kestrels captured at the western (Idaho)
and eastern (New Jersey) site. Hatch-year individuals had lower apparent survival rates than adults. 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.

Western (Idaho) Site Eastern (New Jersey) Site

Covariate B Lower CI (85%) Upper CI (85%) B Lower CI (85%) Upper CI (85%)
Stratum

Earlier hatch-year -3.52 -4.05 -2.99 -3.95 -4.66 -3.23

Later hatch-year -3.76 -4.48 -3.05 -5.32 -6.80 -3.85

Earlier adult, nest-success -0.44 -0.81 -0.07 -0.80 -1.19 -0.41

Later adult, nest-success  -1.18 -1.56 -0.80 -0.10 -0.53 0.34

Earlier adult, nest-failure -1.74 -2.40 -1.08 -1.06 -1.94 -0.18

Later adult, nest failure -1.91 -2.45 -1.37 -2.31 -3.86 -0.76
Sex (male) 0.11 -0.23 0.45 -1.04 -1.30 0.01
Winter Temperature (min 0.43 0.21 0.64 - - -

anomaly °C)
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Incubation onset and hatch asynchrony

There were 27 nests
with complete photographic
records of incubation to use
for our analysis of
incubation behavior. The
onset of male incubation
was | — 20 days (mean =
8.0, standard deviation =
4.2) after clutch initiation
whereas onset of female
incubation was 0 — 8 days
(mean = 2.0, standard
deviation = 2.3) after clutch
initiation. Of the 27 nests,
we had 16 successful nests
where we measured
variance in nestling age
within broods. Within-
brood nestling age variance
ranged from 1 to 4 days
(mean = 2.1, standard
deviation = 1.0) and was
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Within Brood Age Variance (days)
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Difference Between Clutch Initiation Date and the
Onset of Male Incubation (days)

Figure 1.8 Within brood age variance was best predicted by the difference
in days between the clutch initiation date and the onset of male incubation.
Each point represents a nest with complete incubation data that had at
least two fledglings during the breeding seasons of 2018 (n = 8) and 2019 (n
= 8). The line represents the model prediction, and the shaded region is the
85% confidence interval.

best explained by the onset of male incubation behavior (B =-0.33, 85% CI: -0.47 to -0.19, Table
1.6, Figure 1.8). The early onset of male incubation resulted in more asynchronous hatching,
producing a greater variance in nestling ages. The onset of male incubation was best predicted by
the additive effects of phenological mismatch (B =-0.33, 85% CI: -0.51 to -0.14) and latitude (B
=-0.34, 85% CI -0.52 to -0.16, Table 1.7, Figure 1.9). Males from breeding pairs that initiated
clutches after the SI-x began incubating sooner than males from breeding pairs that initiated
clutches before the SI-x. Males breeding at higher latitudes were more likely to initiate
incubation soon after clutch initiation, whereas males breeding at lower latitudes were more
likely to delay the onset of incubation.
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Figure 1.9 The predicted
relationships between phenological
mismatch (the difference between
clutch initiation date and SI-x) and

Lati the onset of male incubation
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Table 1.6 Candidate models to explain age variation within broods of American kestrels.
Covariates included the difference between the clutch initiation and incubation onset dates for
male and female American kestrels. Models were generalized linear models with a Gamma
distribution to represent age variance within broods. Tables show models, number of parameters
estimated (K), AAIC, and model weights (wi).

Candidate model K AAIC. Wi
Male Incubation 3 0.0? 0.79
Male Incubation + Female Incubation 4 32 0.16
Intercept-only 2 6.2 0.04
Female Incubation 3 8.6 0.01

*AIC: =40.3

Table 1.7 Candidate models to explain the difference between clutch initiation date and the onset
of male incubation in American kestrels. The covariates included are phenological mismatch (the
difference between the clutch initiation date and the SI-x), latitude, and longitude. Models were
generalized linear models with a negative binomial distribution to represent the difference
between clutch initiation date and onset of male incubation. The table shows model, number of
parameters estimated (K), AAIC., and AIC. weights (wi).

Candidate model K AAIC. Wi
Mismatch + Latitude 4 0.0? 0.42
Mismatch + Latitude + Longitude 5 0.7 0.29
Intercept-only 2 3.2 0.09
AAICc =150.5
Synthesis

Consistent with previous literature (Goodenough et al. 2010, Bowers et al. 2016, Taylor
et al. 2021), we showed that mismatch, specifically initiating clutches after the start of spring,
decreased nest success and productivity of American kestrels across their range. Regional
variation in the strength of mismatch effects (i.e., stronger effects in the Northeast) may be
related to differences in growing seasons and climate change impacts (Both et al. 2010, Garcia-
Heras et al. 2016). Growing seasons in the Northeast have a higher but narrower peak in
productivity in the spring than in the West, where green-up is less peaked and more
heterogeneous. This may explain why “on-time” nesters in the Northeast have higher
productivity peaks, but face steeper productivity declines due to mistimed breeding (i.e., shorter
nesting window), compared to those nesting in regions where less-peaked, but prolonged
growing seasons allow more flexibility in breeding time (i.e., longer nesting window).

In addition to regional trends in phenology and productivity, we showed differing effects
of mismatch on apparent survival at two distinct long-term monitoring sites in western and
eastern North America. 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 the seasonal declines in productivity,
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
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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 (Figure 1.10).

Although we would expect seasonal declines in productivity and survival to drive birds to
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Figure 1.10 The density distributions of the
difference between clutch-initiation 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) 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.

31

breed earlier, there are also constraints to
early nesting. Extreme winter and early
season temperatures and storms increase costs
of self-maintenance, egg production,
incubation, and raising young due to
thermoregulation requirements and low food
availability (Stevenson and Bryant 2000,
Visser et al. 2012, Woodworth et al. 2017)
thereby decreasing fitness outcomes of many
species, including American kestrels
(Dawson and Bortolotti 2000, Shipley et al.
2020). So, although the higher survival we
documented in later nesting compared to
earlier nesting individuals in New Jersey (i.e.,
eastern population) is contrary to our initial
predictions, this relationship is consistent
with early nesting constraints. Spring green-
up is advancing in the Northeastern US
(Ellwood et al. 2013), but this region is also
experiencing other impacts of climate change
such as increased severity and frequency of
blizzards (Cohen et al. 2018) and extreme
precipitation events (Huang et al. 2017).
Thus, northeastern kestrels may be
experiencing an increasingly inflexible and
narrow time window (e.g. ~2 month lay date
range in New Jersey, Del Corso 2016) within
which they can breed without experiencing a
decrease in productivity. Conversely, in Idaho
(i.e., western population), patterns of seasonal
survival were consistent with our predictions,
wherein early nesters had higher survival than
later nesters, which is consistent with a
release of early season nesting constraints. In
western North America winters are becoming
milder (Kunkel et al. 2004, Heath et al. 2012),
the onset of spring is advancing rapidly
(Schwartz et al. 2006, Allstadt et al. 2015)
and farmers are advancing the start of their
planting season (Christiansen et al. 2011,
Smith et al. 2017), resulting in wider prey



peaks and long nesting windows (e.g. ~ 4 months clutch initiation range in southwestern Idaho;
Steenhof and Peterson 2009). These changes have removed previous constraints on earlier
nesting, leading to shorter migration distances (Heath et al. 2012), northward shifts in wintering
distributions (Paprocki et al. 2014), and earlier breeding (Heath et al. 2012) in American kestrels.
Alternatively, or in addition to this, the West may also be experiencing increased late-season
breeding constraints. Late summer in the West 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), increasing the pressure
to breed earlier in these regions.

The differing strength of mismatch effects on productivity and different directions of
effects on survival from West to East is interesting not only in the context of regionally-specific
environmental conditions but also in light of differences in migratory phenotypes and genetic
composition. In the partially-migratory populations in the West, earlier breeders tend to be
residents, whereas later breeders tend to be migrants (Anderson et al. 2016), likely because
migration increases energy demands, constrains arrival time, and decreases the ability to track
local resources to breed at the optimal time (Rubolini et al. 2010, Samplonius et al. 2018). In the
Northeast, where American kestrels are highly migratory, individuals may be constrained early
in the season by arrival time at the nesting site, and later in the season by the need to accrue fuel
and complete molt before migration or winter weather arrives (Stutchbury et al. 2011). Migration
is also the life history stage with the highest mortality rate in many bird species (Klaassen et al.
2014), so migrants may be less likely to survive to breed in the subsequent season, and highly
migratory populations may have lower survival rates than resident or partially-migratory
populations. Finally, genetic differences between earlier and later breeders (Saino et al. 2017),
between migrants and residents (Ruegg et al. 2021), and between western and eastern
populations (Chapter 2) suggest that underlying genetic composition may result in differing
levels of adaptive capacity to shift phenology (though see Chapter 3).

Similar to other species, we demonstrated that early-onset of continuous incubation is a
mechanism for producing hatching asynchrony in American kestrels (Clark and Wilson 1981).
Males from breeding pairs that laid eggs late relative to the start of spring began incubating
shortly after the first eggs were laid, which advanced the average hatch date of later broods and
increased nestling age variance, consistent with the “hurry-up” hypothesis (Clark and Wilson
1981). This relationship between mismatch and incubation onset suggests that hatching
asynchrony may be an adaptation to low food resources resulting from sub-optimal breeding
timing. Indeed, asynchronous hatching in American kestrels has been documented more
frequently in years of food scarcity, and asynchronous broods need less provisioning per day
than synchronous broods (Wiebe and Bortolotti 1994). Our results also showed that males
breeding at higher latitudes were more likely to initiate incubation earlier in the laying order than
those at lower latitudes. Selection pressure for optimal breeding time is stronger at higher
latitudes compared to lower latitudes (Shave et al. 2019) due to narrow, peaked resource
availability. However, because of constraints of long-distance migration (Heath et al. 2012),
incomplete knowledge of breeding ground conditions (Samplonius et al. 2018), and early season
weather stochasticity, high latitude breeders may be unable to adjust their breeding time to match
resource peaks (Hurlbert and Liang 2012, Powers et al. 2021). Hence, early-onset incubation to
induce hatch asynchrony could be an alternative strategy for high latitude individuals to cope
with phenological mismatch.

32



In summary, although climate change is advancing the timing of spring green-up across
North America, regional populations of American kestrels are responding differently. Western
populations are nesting earlier, whereas nesting phenology is not changing in eastern
populations. In the West, flexible migratory strategies and warmer winters may widen nesting
windows and allow individuals to maximize fitness by nesting earlier when both productivity
and survival rates are highest. Hence, western populations may be well-suited to respond to
directional pressure to breed earlier with a warming climate. Conversely, in eastern populations,
environmental constraints and high survival risks associated with early nesting may constrain
shifts in nesting phenology. This is particularly concerning in light of population declines in the
East. Lastly, although early onset of incubation may be an adaptive behavior to advance the
average hatch date and spread out offspring demands, it is unknown how impactful this will be in
mitigating the fitness consequences of phenology mismatch.

Conclusions and Implications for Future Research and Implementation

We met our objectives to quantify the effects of phenological mismatch on productivity
and survival of American kestrels and to uncover potential behavioral adaptations to mismatch.
We have shown that this widespread, generalist species is vulnerable to negative impacts of
mismatch on fitness outcomes across its breeding range. Northeastern populations appear to be
particularly vulnerable due to trade-offs between steep decreases in productivity with later
nesting and low survival with earlier nesting. We suggest that this trade-off in the Northeast may
be because of narrow nesting windows resulting from narrow, peaked resource availability and
extreme, stochastic early-season weather, and could explain why Northeastern populations have
not shifted phenology, despite advancing springs. Furthermore, the lack of shift, and the clear
fitness consequences of increasing mismatch, could be contributing to steeply declining
population trends in Northeastern populations.

This research has made important contributions to our understanding of factors
underlying populations' vulnerability to impacts of climate change, and filled critical knowledge
gaps about mechanisms and constraints underlying phenology shifts (or lack thereof). To identify
vulnerable species, particularly those with the potential to constrain military testing and training,
managers need reliable predictive models of whether and how popula