Linking events across the annual cycle, in a Neotropical migratory songbird of

conservation concern, the Prothonotary Warbler (Protonotaria citrea)

Dissertation

Presented in Partial Fulfillment of the Requirements for the Degree Doctor of Philosophy

in the Graduate School of The Ohio State University

By
Elizabeth M Ames

Graduate Program in Environment and Natural Resources

The Ohio State University

2021

Dissertation Committee
Dr. Christopher Tonra, Advisor
Dr. Suzanne Gray
Dr. Stephen Matthews

Dr. Robert Gates



Copyrighted by
Elizabeth M Ames

2021



Abstract

Migratory birds complete the stages of the annual cycle (i.e., winter, migration,
breeding, molt) in areas thousands of kilometers apart and events in one location can
influence subsequent events. Understanding these “carry-over effects” is fundamental to
identifying seasonal variation in mortality and limits on breeding output, both of which
are important components of effective conservation and management strategies.
Researchers are beginning to grasp the impact of carry-over effects from winter to
breeding events, however less progress has occurred in understanding carry-over effects
across the rest of the annual cycle. For example, studies on carry-over effects from
breeding to molt or winter are infrequent. Additionally, we still lack an understanding of
how winter to breeding carry-over effects experienced by adults impact the post-fledging
period, one of the most limiting times for juvenal survival and recruitment. Studying
carry-over effects in migratory birds presents an enormous challenge, as many complete
their annual cycles in disparate places and can be difficult to track from one season to the
next, especially small (<20g) songbirds. However, we can begin to fill knowledge gaps
on carry-over effects through the use of intrinsic markers (i.e., measures of physiological
state) and environmental tracers (e.g., stable carbon isotopes) from tissues (e.g., feathers,
claws). These techniques can span the annual cycle, and when combined with breeding

metrics expand our knowledge of carry-over effects to inform conservation strategies.
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The overall objective of my dissertation is to fill gaps in our knowledge of carry-
over effects in order to inform conservation initiatives, and specifically how they function
in a species of conservation concern, the Prothonotary Warbler (Protonotaria citrea).

The Prothonotary Warbler is a Neotropical migrant songbird that breeds in forested
wetlands across eastern North America and winters in Central and South America. They
currently face threats across the annual cycle from habitat loss, habitat alteration, and
global climate change. To achieve this objective, I collected extensive breeding data (i.e.,
arrival date, breeding effort, success, and post-fledging survival) on a population of
Prothonotary Warblers, located in central Ohio, from the Spring of 2015 through 2019.
Additionally, in the winter of 2017 and 2018, I traveled to Panama to document winter
habitat dynamics.

Beginning with the winter stage, I assessed within-patch survival and site
persistence over a six-week period as the dry season progressed using radio-tagged birds
in central Panama. Additionally, I compared age and sex ratios, metrics of condition (i.e.,
breast muscle, fat and condition), and feather molt among habitats. Site persistence was
highest in wet/mangrove habitat compared to dry/non-mangrove habitat as seasonal
drying intensified; however, the probability of survival did not differ among habitats.
There was no difference in condition or fat among habitats however birds in dry/non-
mangrove habitat were more likely to be young males, have less breast muscle, and
higher intensity body feather molt. Finally, I provide evidence for a partial prealternate
molt in Prothonotary Warblers, where at least some body feathers are replaced. This

study is one of the first to demonstrate habitat-dependent movement in a non-territorial
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overwintering migrant songbird, and highlights the need to conserve intact, mature
mangrove and lowland wet forests.

Next, I tested whether carry-over effects from winter habitat impact arrival
timing, breeding phenology, and ultimately limit post-fledging survival through breeding
phenology. I first validated the use of stable carbon isotopes (sampled from claw
clippings) as a measure of habitat moisture (thereby quality) across a range of winter
habitats in Panama and Colombia. Using this information, I then assessed the direct and
indirect correlations between winter habitat, arrival timing, reproduction, and post-
fledging survival. I found evidence for an interaction between winter habitat quality and
climatic conditions, highlighting the importance of validating stable carbon isotope-
habitat relationships as well as incorporating annual variation into studies of carry-over
effects. Winter habitat quality influenced male Prothonotary Warbler arrival timing to
breeding sites and indirectly predicted breeding outcomes and post-fledging survival,
thus adding to the growing body of literature on carry-over effects from winter to
breeding.

Finally, I investigated carry-over effects between breeding events, molt, and
winter habitat. I examined the relationship between breeding, energetic effort and time
investment, and physiological state, nutritional condition (i.e., feather growth rate) and
stress (i.e., feather corticosterone levels) during post-breeding molt. I then tested whether
nutritional condition and stress impact feather quality (i.e., feather area density) or winter
habitat use (measured through stable carbon isotopes) during the spring pre-migratory

period. Overall, I found that breeding events correlated with nutritional status and stress



at the time of molt, and that they subsequently predict feather quality and future winter
habitat quality. However, these relationships varied between years, sexes, and in some
cases age, and may be impacted by environmental conditions and/or individual quality.
In male Prothonotary Warblers, high breeding effort or investment may have
consequences for feather quality and winter habitat use that impact spring arrival on the
breeding grounds. Females with more intense breeding effort may not experience
reductions in feather quality, however they may settle in lower quality winter areas in
years with moist, cool conditions.

Combined, these results highlight the importance of understanding connection
across the annual cycle, as events in one stage can impact outcomes in later stages and
can be mediated through variation in climate. As anthropogenic climate change and
deforestation continue to alter landscapes in the Neotropics, it is likely that the
repercussions will be observed on the breeding grounds of many Neotropical migratory
birds. This makes it critical that conservationist act now to preserve vital habitats for
these species across the annual cycle, but especially in the Neotropics. For the
Prothonotary Warbler specifically, impacts from climate change across their wintering
grounds (projected warming and reduced precipitation) may be particularly pronounced
as they are tied to moisture across the annual cycle and my results indicate that carry-over
effects from both the winter and breeding seasons can have costs in subsequent stages.
Additionally, changes in breeding productivity could cause consequences in subsequent

seasons that carry-over to the next breeding season.
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Dedication

To my family, and the Prothonotary Warblers who have provide endless entertainment

these last 6 years.
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Chapter 1. Introduction

The annual cycle of many organisms comprises distinct stages that occur
throughout each year (Wingfield 2008). For adult Neotropical migrant songbirds, these
stages include stationary non-breeding (hereafter: winter), prealternate molt (partial
replacement of body feathers; not present in all species), spring migration, breeding,
prebasic molt (complete replacement of all feathers), and fall migration. Each of these
stages is defined by the morphological, physiological, and behavioral traits associated
with the completion of critical processes for that specific stage and all are fundamentally
linked and regulated by physiological processes (Ricklefs and Wikelski, 2002). The
winter stage is the longest portion of the annual cycle and is focused on self-maintenance.
Prealternate molt occurs within the winter stage, usually preceding spring migration, and
offers an opportunity for birds to replace worn feathers and prepare for mate acquisition
(e.g., adding filo plumes, Howell et al. 2003). Spring migration connects the winter and
breeding areas, and migration in general often has the lowest survival of any stage
throughout the annual cycle (Sillett and Holmes 2002). Breeding occurs during the peak
in temperate resources (i.e., arthropod abundance) with the goal of maximizing
reproduction. Breeding transitions to prebasic molt where the energetically demanding

replacement of all feathers occurs (Lindstrom et al. 1993). Finally, fall migration, which



often has a slower pace than spring migration, connects the breeding and winter areas
(Newton 2007).

Migratory birds complete the annual cycle in areas thousands of kilometers apart.
For these birds, events in one stage can carry-over to influence individual performance in
subsequent stages in seasonal interactions known as carry-over effects (Marra et al.
2015). In recent years, full annual cycle research (Faaborg et al. 2010, Hostetler et al.
2015) has sought to understand the processes and interactions that regulate the annual
cycle of an organism (Marra ef al., 2015), such as carry-over effects, and how variation in
life history traits shape those interactions. Without an understanding of these processes,
elucidating the mechanisms driving variation, and ultimately limitation, in individuals
and populations would not be possible (Newton, 1998). In this way, full annual cycle
research helps scale from individual to population, or higher, which is a critical
component to conservation action (Ames et al. 2020).

Carry-over effects remain an understudied part of the annual cycle, despite the
fact that they can have important consequences for population dynamics. In songbirds,
carry-over effects from winter habitat quality have been shown to affect migration
phenology (i.e., timing) and ultimately reproductive condition and success (e.g., Marra et
al. 1998, Tonra et al. 2011). However, we still lack an understanding of how carry-over
effects experienced by adults impact the post-fledging period (the period after young
leave the nest and before they depart for the winter grounds), one of the most limiting
times for juvenile survival and recruitment (Cox et al. 2014). Although researchers are

beginning to grasp the impact of carry-over effects from winter to breeding events,



progress in understanding carry-over effects during other portions of the annual cycle has
been scant, particularly in small (i.e., <20g) songbirds. Studies examining carry-over
effects from conditions experienced during breeding or molting, two energetically
demanding times in the annual life cycle, onto winter are less common. However, some
studies have found links between breeding and migration phenology (Stutchbury et al.
2011), winter habitat use (Latta et al. 2016), and future reproductive effort (Takaki et al.
2001). Similarly, studies examining whether non-territorial (i.e., not maintaining an
exclusive home range) overwintering songbirds experience similar carry-over effects are
less common or have focused on short-distance migrants. Life history characteristics,
such as territoriality, likely influence carry-over effect pathways thus making it important
to explore these relationships across a range of traits (Harrison et al. 2011).

Studying carry-over effects in small songbirds presents an enormous challenge as
they are difficult to track from one season to the next. However, we can begin to fill the
knowledge gaps described above by employing environmental tracers and measures of
physiological condition (i.e., intrinsic markers) from tissues grown throughout the annual
cycle (e.g., feathers, claws). For instance, stable isotope ratios (e.g., of carbon, nitrogen,
hydrogen) can be measured from slow growing (i.e., claw clippings) or inert (i.e.,
feathers) tissues to provide an index of past habitat location or quality (Bearhop et al.
2003; Hobson and Wassenaar 2008; Reudink et al. 2009). Stable-carbon isotopes
(hereafter: 813C) vary naturally across a wet to dry moisture gradient in many birds using
tropical habitats, due to differences in photosynthetic pathways (i.e., C3, C4, or CAM

plants) and water use efficiency (i.e., transpiration due to stomata opening and closing) of



dominant plants. Thus, 613C can be used to infer quality of occupied habitats (e.g., Marra
et al. 1998; Smith et al. 2010) and link quality to subsequent events, without tracking the
individual across the annual cycle. In addition, measurement of feather growth rates,
known as ptilochronology, can provide a useful index of nutritional condition at the time
of molt (Grubb 1989). For instance, Takaki et al. (2001) found that feather growth rate
during post-breeding molt (i.e., prebasic molt) predicted spring arrival time and was
positively correlated to number of young fledged during the following breeding season in
Styan’s Grasshopper Warbler (Helopsaltes pleskei). Feathers can provide an integrated
measure of physiological stress through incorporation of the primary avian
glucocorticoid, corticosterone, into feather keratin (hereafter: {CORT; Bortolotti et al.
2008, Jenni-Eiermann et al. 2015). For example, Latta et al (2016) found Louisiana
Waterthrush (Parkesia motacilla) arriving to the wintering grounds with lower {CORT
had higher quality winter territories (measured through insect availability) and attained
better body condition as the winter season progressed. These techniques, that span the
annual cycle, combined with breeding metrics, can greatly expand our knowledge of
carry-over effects and provide critical information for conservation strategies for small
birds that cannot carry tracking devices or are difficult to study outside the breeding
season.

The Prothonotary Warbler (Protonotaria citrea) offers a unique opportunity to
begin filling remaining gaps in our knowledge of carry-over effects in Neotropical
migratory songbirds. They specialize on forested wetland habitat during both the

breeding and wintering periods which provides the opportunity to better understand the



impacts from carry-over effects on habitat specialists. During the breeding season, they
occupy bottomland hardwood forests and nest in cavities over flooded habitat (Petit
1999). Prothonotary Warblers have been well studied during breeding, partly due to their
propensity to use nest boxes, which provides critical knowledge and background on their
breeding biology allowing a deeper exploration into interactions with other stages of the
annual cycle. Additionally, Prothonotary Warblers are non-territorial during winter, a life
history trait that has been understudied in carry-over effects of long-distance migratory
songbirds. In the winter period, they occur in highest densities in coastal mangrove and
tropical riparian forests, however they also occupy secondary dry forests in lower
densities (Bulluck et al. 2019). Prothonotary Warblers currently face threats to habitat
across the annual cycle as bottomland hardwood forests continue to be altered and
drained for development, and tropical riparian forests, especially mangroves, are being
deforested at alarming rates (Sandilyan and Kathiresan 2012, Vancutsem et al. 2020).
Since the 1960s, Prothonotary Warblers have experienced population declines across
large portions of their breeding range (Sauer et al. 2015) with declines reaching 5.5% yr-
1 in some years (Ziolkowski et al. 2010). These declines are likely due to extensive loss
and degradation of habitat across the annual cycle. Because of these threats the
Prothonotary Warbler is on many watch lists (e.g., National Audubon Society “Priority”
designation <audubon.org>) and is a species of concern both nationally (Rosenberg et al.
2016) and in many states, including Ohio (Ohio Fish and Wildlife Service
<ohiodnr.gov>). Additionally, their winter habitat is expected to undergo further

reduction in total area and altered species composition from climate change (Neelin et al.



2006, Ward et al. 2016). Given the extensive threats to Prothonotary Warbler
populations on both the breeding and wintering grounds, it is critical that a full annual
cycle approach, where we understand the links between the various stages of the annual
cycle, be taken to their conservation and management. A crucial first step in reaching this
goal is identifying links between seasons in this population and how those links limit
breeding output.

Understanding population limitation and regulation is critical for management and
conservation action. For example, if a population is limited by winter habitat quality or
availability, managing breeding populations to increase reproduction, such as providing
nest boxes for Prothonotary Warblers, may have little to no effect on the overall
population. Therefore, having a clear picture of the full annual cycle and carry-over
effects between stages is crucial for managing and conserving populations (Marra et al.
2015). This is especially true for migratory species such as the Prothonotary Warbler,
which migrate between disparate places like Ohio and Panama, and thus demonstrate
how habitat degradation or losses in one place can have consequences that span
international boundaries. My research will help determine the capacity of these species
to adapt to habitat degradation and loss in a changing climate and begin to establish
conservation priorities. For example, if winter habitat quality is a limiting factor in
breeding success, then preserving high quality winter habitat in locations with high
densities of wintering birds, could provide the greatest overall benefit to the species.
Alternatively, if these metrics are equal in perceived low quality or alternative habitats,

this would imply that Prothonotary Warblers may be capable of adapting to climate



change, through shifting to these habitats. In this case, preservation of alternative
habitats and enhancement for mangrove specialists should be explored as mitigation for
predicted mangrove losses due to climate change. With this research I hope to aid
conservation directives to stabilize Prothonotary Warbler populations and provide a
model for future studies on other species where carry-over effects are little understood.
In this dissertation, I integrate field observations and intrinsic markers to elucidate
understudied periods of the annual cycle and explore how carry-over effects can impact
populations of the Prothonotary Warbler. I organized my dissertation to follow the
annual cycle. Beginning with the winter stage in Chapter 2, I examine movement,
survival, and demographic dynamics across multiple habitat types on the wintering
grounds of the Prothonotary Warbler. In Chapter 3, I investigate how carry-over effects
from winter habitat can impact breeding events. In Chapter 4, I explore how carry-over
effects from breeding effort and investment can correlate with molt and winter habitat
use. Some chapters may have redundant material, especially in methods sections, as
Chapters 2-4 represent separate manuscripts that are in preparation for publication or
published in part. For each of these chapters, I have used plural pronouns throughout as
they will be published with coauthors, however I take full responsibility for the
intellectual content of each chapter. Chapter 2 has been published in part in Ecology and
Evolution (Bulluck et al. 2019), Chapter 3 is intended for publication in Oecologia, and

Chapter 4 is intended for publication in Conservation Physiology.



Chapter 2. Habitat-dependent movement in a migrant songbird highlights the importance
of mangroves and forested wetland in Panama

Introduction

Many species of migratory birds occupy mangrove and lowland riparian tropical
forests during the overwintering period, as they tend to have higher prey abundance than
drier habitats (e.g., Chan et al., 2008, Smith et al. 2011, Wunderle et al. 2014).
Conservation of migratory species is challenging because their shifting distributions
make it difficult to identify the potentially diverse factors limiting populations at different
points throughout the annual cycle (Webster et al. 2002, Runge et al. 2014, Marra et al.
2015). This is especially problematic for the overwintering period, which often
encompasses the largest portion of the annual cycle and is generally when the most
challenging environmental conditions are experienced (e.g., tropical dry season; Smith et
al. 2010, Rushing et al. 2016). Moisture is a factor known to influence habitat quality
during the overwintering period, and this is especially true for species that rely on
lowland habitats such as mangroves, lagoons, and flooded riparian forests. Studies of the
territorial Northern Waterthrush in Caribbean mangroves demonstrated that moisture
plays a role in mass gain and spring departure date to the breeding grounds (Smith et al.
2010). Likewise, studies with territorial American Redstarts show that moisture-driven

differences in habitat quality influence survival (Johnson et al. 2006) and can carry over
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to influence reproductive success in the breeding season (e.g., Reudink et al. 2009).
These studies highlight the importance of habitat moisture which varies widely between
tropical wet and dry seasons, with the driest times often corresponding to the pre-
migratory period for Neotropical migratory songbirds. Inter-annual changes in rainfall
can also have a significant impact on food, mass change, and spring departure (Studds
and Marra 2007). Understanding how seasonal drying influences changes in habitat-
specific survival, abundance and site persistence will aid in our predictions of how birds
may respond to longer term drying trends caused by climate change (Neelin et al. 2006)
and will also help to prioritize conservation efforts in declining mangrove and lowland
forests.

Much of our current understanding of overwintering ecology in Nearctic-
Neotropical migratory songbirds has been based on studies of habitat-specific
demography in territorial populations (e.g. American Redstart Setophaga ruticilla, Marra
2000; Ovenbird Seiurus aurocapilla, Brown and Sherry 2006). Non-territorial species
(i.e., those that flock, maintain a non-exclusive home range, or are transient) represent an
additional overwintering strategy that needs further study as they display more complex
movement patterns than individuals maintaining an exclusive territory. As a result,
effective metrics of habitat quality are likely to differ between territorial and non-
territorial species. For example, differences in age/sex ratios between habitats can be the
result of despotic distributions of highly territorial species (Fretwell and Lucas 1969) and
may not be relevant for non-territorial species or may have different underlying causes.

Density (Johnson 2007) and site persistence (Latta et al. 2012) are likely to be indicators



of habitat quality for non-territorial species. Density can be a cue for resource
availability (Stamps 1991) and non-territorial birds are more likely to move out of (i.e.,
not persist in) habitats that decline in quality over time compared to species that have
invested time in establishing a territory. Within-season movements are likely more
common than previously recognized. Studies in Panama (Lefebvre et al. 1992), Belize
(Goémez & Bayly 2010), and at multiple sites from Venezuela to Mexico (Ruiz-Gutierrez
et al. 2016) suggest some species move between habitats/regions as the tropical dry
season progresses. Recent evidence of large scale intra-tropical migration has also been
observed in some species that are thought to avoid competition or track resources to
increase their chances for survival (Stutchbury et al. 2016, Kolecek et al. 2018). Despite
our understanding of the occurrence of within season movements of overwintering birds,
few studies have examined habitat-related factors that may be driving these intra-seasonal
movements (but see Smith et al. 2011, Wunderle et al. 2014).

Mangrove and tropical riparian forests are declining in area at a rate of 1-2% per
year (FAO 2003) and an estimated 30-50% of mangrove forests have been lost over the
last half century (Alongi 2002, Duke et al. 2007). Most of these forests occur in
developing nations and the primary causes of declines are draining and conversion to
agriculture/aquaculture and development (Valiela et al. 2001; Vancutsem et al. 2020).
While rates of mangrove loss may be slowing in some regions (Lopez-Angarita et al.
2018), the growing palm oil industry is an additional threat to lowland riparian forests
(Vargas et al. 2015, Ocampo-Pefiuela et al. 2018). Mangroves are ecologically important

as they sequester enormous amounts of carbon (Donato et al. 2011) and support diverse
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flora and fauna, some of which are endemic and/or commercially important (Nagelkerken
et al. 2009). In addition to loss of mangrove and riparian forest area, predictions of
decreased rainfall in the Caribbean and Central America as a result of global climate
change (Neelin et al. 2006) are expected to exacerbate the seasonality of flooding and
lead to faster and more intense drying. Additional climate change related stressors
including sea level rise and increased storm intensity are likely to negatively affect
mangroves (Gilman et al. 2008, Ward et al. 2016). This combination of threats to
mangroves and riparian forests will likely have significant impacts on the variety of
species that rely on them for habitat.

In this study, we assess within-season survival, site persistence, and movement of
the Prothonotary Warbler in central Panama and quantify between-habitat differences in
population structure and individual condition. Our goal was to assess whether survival
and site persistence varied as a function of habitat in this non-territorial species (Morton
1980, Lefebvre et al. 1994, Warkentin and Hernandez 1996). We deployed radio
transmitters in habitats that varied in the level of disturbance and moisture to assess
movement patterns of individuals at small temporal and spatial scales. We predict that
wetter mangrove and lowland forest habitats will be of better quality to overwintering
birds. Specifically, we expect individual condition and survival to be higher in wetter
compared with drier habitats, and that birds will be more likely to exhibit site persistence

as the dry season progresses in wetter habitats.
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Methods

Focal species

The Prothonotary Warbler (Figure 1) is a Neotropical migrant songbird that
breeds throughout eastern North America and overwinters in Central and northern South
America. The Prothonotary Warbler population has declined by about 1% yr! over large
portions of the breeding range since the 1960s (Sauer et al. 2015) with declines reaching
5.5% yr!in some years (Ziolkowski et al. 2010). Contemporary declines have occurred
despite much of the preferred bottomland forest breeding habitat being cleared prior to
1966 (Dickson et al. 1995). However, habitat destruction of mangroves and wet lowland
forests on the wintering grounds may be at least partially responsible for contemporary
population declines. Because of threats due to habitat loss, continuing population
declines, and relatively low population size for such a widespread species, the
Prothonotary Warbler is considered a Bird of Conservation Concern in the United States
(USFWS 2008).

Analysis of light-level geolocator data from Prothonotary Warblers across the
breeding range indicate a large proportion overwinter in north-central Colombia, with a
smaller number overwintering in Panama (Tonra et al. 2019). The Magdalena River
Valley in Colombia, a previously unknown area of importance, is further inland than the
coastal mangrove forests thought to be the primary overwintering habitat for
Prothonotary Warblers. This suggests that both mangroves, which are being rapidly
drained, filled, and developed (Lopez-Angarita et al. 2016), and inland non-mangrove

habitat play a crucial role in supporting overwintering populations. Although these
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geolocator data provide a useful starting point for on the ground studies assessing the
relative quality of habitats are needed to help prioritize and justify conservation efforts in

specific areas.

Study area

We established study areas in five locations along the Panama Canal Region of
Panama (Figure 2). Two mangrove sites consisted of a majority black (Juan Diaz;
9°01'10.2"N,79°26'40.6"W) or white (Panama Viejo; 9°00'24.2"N,79°29'07.2"W)
mangrove (Avicennia germinans and Laguncularia racemosa, respectively) with other
less common mangrove species occasionally present (Avicennia bicolor). One mangrove
site, Galeta (9°23'09.6'"N,79°52'04.8"W) on the Caribbean coast of Panama, had a higher
proportion of red mangrove (Rhizophora mangle) with the other species precent in
smaller amounts. The remaining sites were a combination of habitats where Prothonotary
Warblers also occur -- forested freshwater wetland associated with a river (Gamboa;
9°07'06.1"N 79°41'35.4"W) and secondary forest (Cerro Ancon;
8°57'36.3"N,79°33'00.7"W). All sites represented a gradient of habitat moisture ranging
from wet mangrove that tended to stay wet throughout the overwintering period to
freshwater wetlands and secondary forests that tended to dry out as the dry season
progressed (Table 1). Based on these gradients, we combined sites by habitat type (i.e.,
mangrove/non-mangrove) and by moisture level (i.e., wet/dry) to increase sample sizes
and explore how these two habitat factors influence Prothonotary Warblers wintering in

Panama.
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Individual movement, site persistence, and survival

We assessed movement, survival, and site persistence at five study sites in the
Panama Canal Region (Figure 2) from 18 December 2016 to 7 February 2017. We used
mist nets to passively and actively (distress calls and chips broadcasted) capture
Prothonotary Warblers. We banded all birds with a USGS aluminum band and a unique
color band combination for field identification. For each individual captured, we
recorded mass (+ 0.01g), structural body size (i.e., wing, tail, and tarsus length), age
(young = within first year of life, or adult = after first year), sex, fat score (on a scale of
zero to 7), breast muscle (on a scale of zero to 3), and body molt (on a scale of zero to 4).
To control mass for structural body size and time of capture (i.e., potential time of day
sampling bias), we created a scaled mass index (hereafter: SMI) using the fitted values
from a linear model with wing chord, time of capture, and a wing chord*time of capture
interaction term (n= 84, adjusted R?>= 0.473). This model produced the lowest AIC value
when compared to other models that included wing chord, time of capture, age, and sex
(closest model was AAIC=3.92). We compared SMI, fat, breast muscle, and body molt
between sites with a Welch’s Two Sample t-test (parametric measurements) and a
Kruskal-Wallis Rank Test (non-parametric measurements). To compare age and sex
ratios between sites, we used the ‘prop.test’ function in program R (v 3.4.1; R Core Team
2017) which utilizes a Fisher’s Exact probability test. We only looked at comparisons
between sites combined by habitat type and moisture level to account for smaller sample

sizes at the low-density sites (i.e., Cerro Ancon, Panama Viejo, and Gamboa). We
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considered a level of a < 0.05 to be significant throughout. However, due to small sizes
for the body molt and age/sex ratios between sites we chose to report relationships with o
< 0.1 as trends, but we do not draw conclusions from these results.

To track warbler movements and survival, we deployed digital nanotag radio
transmitters (Lotek Wireless model NTBQ-2, Inc.; tag warranty life 54 days) on
individuals across the five sites. We used hand tracking (homing and triangulation) to
determine overwinter survival and site persistence by visiting each site at least once every
5 days and locating tagged individuals during each visit. We exhaustively searched
surrounding habitat to locate individuals when not found in the main study area. We
considered a disappearance from the study area a movement, and a recovered tag with
signs of predation or death to be a mortality event. In addition to hand tracking, each
nanotag is individually identifiable within one VHF frequency, allowing them to be
detected by Motus automated telemetry towers (Motus Wildlife Tracking System, Bird
Studies Canada, http://motus-wts.org/; Taylor et al. 2017). We collected Motus data from
four automated stations in the Panama Canal Zone to identify landscape level
movements. For Prothonotary Warblers foraging in dense mangrove habitat, we
estimated the detection range of the Motus stations to be reliable up to approximately
400m by using known locations of radio tagged birds (i.e. hand tracking data) to compare
detections. Beyond 400m birds would likely only be detected in open habitat or exiting
the forest. We filtered raw Motus data by removing detections with run lengths <2 (run
lengths of 2 were only considered with other supporting detections), pulse lengths that

differed from our tags (9 seconds), unlikely locations (i.e. towers outside the winter
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range), and ambiguous tags. Data were then visually inspected to ensure detections were
highly plausible. To supplement nanotag tracking data, we also re-sighted individually
color-marked birds at each study site. However, we did not include these in the formal
analysis as most of the resighting took place incidentally while preforming other tasks.

All research activities were approved by the USGS Bird Banding Lab (Permit
23941), a Scientific Research Permit from the Panama Ministry of Environment
(MiAmbiente; Permit SE/A-123-16), and the Institutional Animal Care and Use
Committees of the Smithsonian Tropical Research Institute (Protocol 2016-1215-2019)
and the Ohio State University (Protocol 201500000028).

Statistical Analysis

Individual movement, site persistence, and survival

We used radio transmitter data to estimate site persistence and within-season
survival. To do this, we combined sites by moisture level (i.e., wet= standing water was
observed throughout the study; dry= either no standing water or the site dried up within
three weeks) and habitat type (i.e., mangrove or non-mangrove, Table 1), and used these
as predictors for statistical analyses to explore differences in survival and site persistence
among habitats. Site persistence and survival were estimated using Program MARK
known fate models (White and Burnham 1999). To estimate differences in both site
persistence and survival rates between the two habitat types (mangrove vs non-
mangrove) and sites with persistent rather than ephemeral moisture (wet vs dry), we
created two models, one for habitat type and one for moisture level using a grouping

variable. To estimate individual predictors, we used likelihood ratio tests to test the
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significance of each predictor by removing it from the global model (i.e., grouping
variable, time since tagging, age, sex, and SMI) and comparing the reduced model to the
global model. Non-informative covariates in preliminary analyses (likelihood ratio test all
P>0.071) were removed from the final model. The inclusion of time since tagging
represents a fully time-dependent model, where site persistence/survival could vary
between each tracking period. We included SMI as it has been shown to indicate
resource availability and impact overwinter survival (Wolfe et al. 2013). We expected
birds in mangrove and wet habitat to have higher SMI and that this would positively
impact survival and persistence. To explore potential differences in survival and
persistence between age and sex groups, we included these variables in the models as
well. For survival estimates, non-site persistent birds were right censored after departure.
For site persistence estimates, we right-censored confirmed mortalities (n=3), recovered
tags with signs of predation or death, and considered a disappearance from the study area
a departure from the site.

To generate locations from triangulation data, we used LOAS software
(Ecological Software Solutions LLC) and excluded locations with error >35m. For each
radio tagged bird, we calculated a maximum distance moved (between any two of their
locations) to gauge the span of distance moved during the study period, and we calculated
an average of those across all individuals at a site. We also calculated straight line travel
distance for each consecutive hand tracking location (Matthews and Rodewald 2010) for
each bird with >5 locations. Due to data collection restraints, we were not able to obtain

enough points to perform home range analysis. For consecutive distances, only locations
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generated from tracking sessions greater than 1 day apart were used, most were 3-5 days
apart, and they were not significantly correlated to length of time between tracking
sessions (Pearson’s correlation= 0.048, p-value= 0.52). As the raw distribution for
consecutive distances was heavily right skewed, we log transformed it to achieve a
normal distribution and analyzed it using generalized linear mixed effects models in a
Bayesian framework with the “brms” package (Biirkner 2017) in Program R (v 3.4.1; R
Core Team 2017). We constructed each model to predict distance between consecutive
locations with a random effect for individual bird, and fixed effects for: habitat type or
moisture level, age, sex, and SMI. Model inference was based on 15 000 Markov-chain
Monte Carlo draws from four parallel chains, with uninformative priors (burn-in =5 000;
thin = 4). We used leave-one-out (LOO) cross validation and widely applicable
information criterion (WAIC) to compare a priori models and select a best fitting model.
We estimated Bayesian R squared (Bayes R?; Gelman et al. 2019) values for each model

with the “brms” package.

Results

A total of 87 Prothonotary Warblers were captured during the study (Table 2).
51% (44/87) individuals were undergoing some level of body molt at the time of capture.
We found no difference between SMI (t= 1.05, df = 25, P=0.30) and fat score (y= 1.37,
P=0.24) for birds in mangrove (n=70) versus non-mangrove (n= 17), however breast
muscle score was higher in mangrove sites (y>= 3.96, P=0.047) and body molt was

higher in non-mangrove sites (y= 10.803, P=0.001). In wet (n=61) and dry (n= 26)
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habitat, we found no differences in SMI (t=1.15, df = 38, P=0.26), breast muscle ("=
0.32, P=0.57), or fat score (y*= 0.49, P=0.48) however body molt (y>= 10.78, P=0.001)
was higher in dry habitat. We further explored the relationship between body molt and
habitat by separating age and sex classes. We found that young birds exhibited more
intense body molt than adults (y*>= 6.57, P= 0.010) and that there was no difference in the
amount of body molt between sexes (y>= 0.03, P=0.87). Young birds had higher body
molt in the dry versus wet sites (x*>= 7.71, P= 0.006) and in the non-mangrove versus
mangrove sites (x>= 4.69, P=0.03). Adults trended toward higher body molt in the non-
mangrove sites (x*= 3.60, P=0.058) but not in dry habitat (y*= 2.09, P=0.15).

With both sexes combined, non-mangrove trended toward a higher proportion of
young birds compared to mangrove (y°= 2.88, P=0.090), and wet habitat did not differ
from dry habitat (y*= 1.03, P= 0.31). When males and females were examined
separately, the proportion of young to adult females was not different in either mangrove
(¢*= 0.00, P= 1) or wet habitat (y*= 0.00, P= 0.96), however the proportion of young to
adult males was higher in non-mangrove (y*= 5.10, P=0.023) and trended higher in dry
habitat (y>= 2.72, P=0.10). Both non-mangrove (y*= 3.62, P= 0.057) and dry habitat
(x*=3.10, P=0.078) trended toward a higher proportion of males compared to females
with both young and adult birds combined. When adult and young proportions were
examined separately, the proportion of adult males to females was not different in
mangrove (x*= 0.00, P= 1) or wet habitat (x*= 0.00, P= 1), however dry sites (x*= 5.28,
P=0.022) and non-mangrove sites (y>= 6.27, P=0.012) showed higher proportions of

young males to females.
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Site persistence and survival

We deployed nanotags on 29 individuals. We confirmed mortality for three
nanotagged warblers: one in reptile scat with feathers, one mangled on the ground with
plucked feathers (probable avian predator), and one mangled in a tree (unknown predator
but possibly avian). Survival was generally high across all habitats and the best model
predicting survival consisted solely of time since tagging (Table 3). The best model for
predicting site persistence in mangrove versus non-mangrove habitat contained time since
tagging, SMI, and sex. The inclusion of time since tagging in the final model suggests
that site persistence varied between tracking intervals, where some intervals had higher
site persistence than others. SMI was positively correlated with site persistence and
females were more likely to persist than males. The estimated probability that an
individual remained in mangrove habitat was 20.9% higher than in non-mangrove
habitat. When comparing wet vs dry habitat, the best model for site persistence contained
time since tagging and sex (again females were more likely to persist than males), and
site persistence was 13.2% greater in wet than dry habitat (Table 3). In addition to the 29
tagged individuals 58 birds were color banded across all sites (Table 4) and 38% were

resighted at least one week after banding.

Landscape level movement
We detected one landscape level movement with the Motus tower array. This tag

was deployed on a young bird in a small secondary forest patch adjacent to the Rio
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Chagres (Gamboa site) on 30 December and was subsequently detected through 9
January. After 9 January, the bird was not detected again until it was picked up by a
Motus automated array 29 Km south in a large mangrove forest adjacent to the Rio Juan
Diaz on 2, 9 and 28 February. Multiple detections of this individual in the same area
suggest that it remained in the area for an extended period of time. No other large-scale

movements (>1.5 km) were detected by the Motus towers.

Site level movement

The maximum distance moved for each individual, over the duration of the study
(i.e., 6 weeks), ranged from 36 m to 1223 m. The average maximum distance moved was
lowest at the two wet mangrove sites (mean= 141.44, SE=23.16 and mean= 174.65, SE=
34.42) with the dry secondary site having an intermediate value (mean= 239.73, SE=
36.88), and highest at the dry mangrove site (mean=418.44, SE= 102.87) and the
secondary forest site (mean= 425.85, SE= 175.33). Distances between consecutive
tracking locations ranged from 0 meters (i.e., individual in same location as previous
observation period) to 1149 meters. Consecutive distances were lowest at the two wet
mangrove sites (mean=47.21, SE=5.03 and mean= 71.22, SE= 6.49) with the dry
secondary site having similar values (mean= 73.87, SE= 8.25), and highest at the dry
mangrove site (mean= 96.45, SE=22.06) and the secondary forest site (mean= 193.42,
SE=52.90).

The best model for consecutive distance contained moisture level as the only

predictor. It explained 23% of the variation with 91.8% confidence that birds from wet
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habitat were found closer to their previous location than birds in dry habitat (Bayes R*=
0.23, overlap with 0= 8.25%, B wet=-0.38, 95% credible interval {-0.95,0.17}). On
average birds in wet habitat moved 37m (95% credible interval {20.7, 65.6}) and birds in
dry habitat moved 70m (95% credible interval {48.7, 103.2}) between tracking periods
(Figure 3). The second-best model, which contained only habitat type as a predictor, also
explained 23% of the variation for consecutive distance traveled with 88.8% confidence
that birds from mangrove habitat were closer to their previous location than birds in non-
mangrove habitat (Bayes R?= 0.23, overlap with 0= 11.2%,  mangrove= -0.34, 95%

credible interval {-0.93, 0.22}; Figure 3).

Discussion

Multiple habitat quality indicators from this study and Bulluck et al. 2020
independently support the importance of wet, mature forests for overwintering
Prothonotary Warblers. This study enhances our understanding of overwintering habitat
use and movement of a non-territorial songbird. Local tracking of birds indicates that
wetter habitats, specifically mangroves, are higher quality habitats for Prothonotary
Warblers than drier, non-mangrove habitats. These findings suggest that overwintering
habitat quality varies significantly and mediates within season movements. Our study is
one of the first to demonstrate that winter site persistence, recently found to be more
variable than once thought (Ruiz-Gutierrez et al. 2016), can be correlated with habitat in

a non-territorial migrant songbird.
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The importance of moisture to mangrove-associated species has been well
established in overwintering territorial birds (Marra et al. 1998, Norris et al. 2004, Studds
and Marra 2005, Johnson et al. 2006, Smith et al. 2010, McKinnon et al. 2015). This
suggests that wet habitats buffer individuals against the effects of seasonal drought which
is predicted to become more intense with climate change (Neelin et al. 2006). Smith et
al. (2011) found that as the Caribbean dry season progressed, birds in habitats prone to
drying were more likely to shift home ranges to wetter areas compared with birds in
habitats less prone to drying, possibly representing a form of resource tracking. As
Prothonotary Warblers are also wet forest specialists, we expected to see higher site
persistence in wetter habitats. Despite our small sample size of radio-tracked birds, the
best performing site persistence model supports this idea --estimated site persistence in
mangrove habitat was 20.9% higher than in non-mangrove habitat. The inclusion of time
since tagging in the top model indicates that site persistence varied over the course of the
study, which may be indicative of varying moisture levels and drying rates in the
different habitats. Birds with higher SMI when initially captured, before significant
drying had occurred, had higher rates of site persistence suggesting either that their home
ranges encompassed more available resources, or alternatively they were buffered against
a reduction in resources (i.e., seasonal drying trends) and thus able to persist at the site
longer than other birds. More information is needed to determine if the higher
persistence rate of females is indicative of differing physiological requirements of the

sexes, social dynamics, or other sex-specific constraints.
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We did not find differences in SMI or fat for individuals between habitat type
despite higher average SMI and fat in wet and mangrove habitat, however birds in
mangrove habitat did show higher breast muscle scores, similar to Cooper et al. (2015).
Birds utilizing habitats that undergo seasonal drying may not suffer consequences (i.e.,
lower SMI, breast muscle, or fat) until periods of drought (Angelier et al. 2009). Since
most captures occurred over a two-week period before significant drying had occurred
and sample sizes were relatively small, we may not have been able to adequately capture
variation in condition. We observed some differences in age and sex ratios between the
sites however given our small samples sizes once birds were partitioned by age, sex and
habitat more research is needed to understand these relationships.

Interestingly, we documented a relatively high number of birds undergoing body
molt on a variety of feather tracts. Previously, it had been thought that Prothonotary
Warblers only replace feathers during a post-breeding prebasic molt and do not undergo a
prealternate molt in the winter (Pyle 1997). However, our data suggest that they undergo
a partial prealternate molt in which at least some body feathers are replaced on the crown,
lores, breast, belly, rump, and flanks (unpublished data E. Ames). Previously, variation
in Prothonotary Warbler plumage from fall to spring (i.e., brightening of plumage) was
believed to have been from wear to olive tipped feathers grown during pre-basic molt.
Recently however, other species where a similar relationship between wear and feather
coloration was suggested, have been determined to undergo partial prealternate molts
(Rusty Blackbird (Euphagus carolinus; Mettke-Hofmann et al. 2010), highlighting our

still limited knowledge of molt in many bird species. Given the limited time frame of our

24



study it is hard to determine the extent of this molt and further research on extent and
duration could broaden our understanding of this specie’s winter ecology. The intensity
of body molt was higher in dry compared to wet habitat and in mangrove compared to
non-mangrove habitat. Additionally, young birds exhibited more intense body molt and
there was no difference in intensity between sexes or adults. This suggests that there may
be subtle differences in the timing of molt between habitat types (Yosef and Grubb
1992), however whether the timing is earlier or later in non-mangrove/dry habitat or
mangrove/wet habitat is unclear. Limited food resources during the late winter could
delay a late winter molt and contribute to delayed arrival to the breeding grounds (Cristol
et al. 2014; Wright et al. 2018), especially during years where resources are particularly
limited (i.e., drought in dry/non-mangrove habitat or floods in wet/mangrove habitat).
Male Prothonotary Warblers with higher carotenoid (i.e., yellow pigmentation) content in
body feathers acquire better nest sites in spring (Beck 2013) and females with brighter
feathers produce more young (Bullock et al. 2017). Prothonotary Warblers utilizing a
mature mangrove patch (high water cover) compared to a young mangrove patch (low
water cover) had higher carotenoid content (estimated through feather reflectance; L.
Bulluck unpublished data). This suggests either a difference in the quality of old and
young mangroves or that feathers molted in those habitats vary in carotenoid content.
Further research into potential difference between the timing and quality of body molt
between winter habitat of varying quality could provide linkages from winter habitat to

breeding phenology and success.
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The importance of moisture in this system was further supported by data on
movement distances of individually tracked birds across different habitat types. We
found that small scale movements are likely related to habitat moisture, as birds in non-
mangrove and dry sites had both greater maximum and consecutive location distances
than individuals in mangrove and wet sites. There were no sex or age differences in
consecutive distance traveled, suggesting that habitat impacts are consistent regardless of
potential dominance hierarchies (e.g., Marra 2000). We were only able to explain 23% of
the variance in our system suggesting that there are additional, unmeasured factors that
influence movement patterns, such as patch size or habitat structure. We also
documented two landscape level relocations (>1km), which represented 1) a movement
from non-mangrove to mangrove habitat (29 km) and 2) a movement from dry non-
mangrove forest to wet non-mangrove forest (1.2 km). In addition, it is likely that many
of the birds that were not site persistent moved greater than 1 km from the study site as
the vicinity adjacent to the study area was thoroughly searched when birds were not
located during the tracking survey.

A study by Ruiz-Gutierrez et al. (2016) using banding data from a network of
stations throughout Mexico, Central and South America showed that it was common for
Prothonotary Warblers to be transient rather than resident between November and March.
Interestingly, the trend for winter persistence varied with latitude where southerly
latitudes (Panama and Colombia) were more likely to have site persistence than higher
latitude sites (i.e., Belize to Nicaragua; Ruiz-Gutierrez et al. 2016). It is possible that a

prolonged southerly fall migration period, which has been documented with geolocator
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data (Tonra et al. 2019), could explain transient birds in more northerly latitudes. There
is a need for more studies to link site persistence with habitat, as we have done here,
because it provides an additional metric for ranking sites for conservation (Ruiz-

Gutierrez et al. 2016).

Conclusions

Understanding Prothonotary Warbler movement patterns and habitat use during
the overwintering period and identifying abundance hotspots (Bulluck et al. 2019; Tonra
et al. 2019) is important for prioritizing conservation efforts for the species. Studies
(Lefebvre and Poulen 1996, Calvert et al. 2010, Wolfe et. al. 2013) and citizen science
data (Sullivan et al. 2009) suggest substantial population densities of Prothonotary
Warblers in other countries (Colombia, Costa Rica, and Nicaragua), prompting the need
for more studies in varying habitats across the known wintering range. eBird data are
helpful and will inevitably play a role in our understanding of species distributions.
However, mangroves and other flooded forests, due to their inaccessibility to most
birdwatchers, will continue to be underrepresented and present a bias in our
understanding of the true distribution of this and other mangrove-dependent species.
Within Panama, our research demonstrates the importance of conserving high quality,
mature mangrove forests, and other wet habitats, as abundance (Bulluck et al. 2019) and
persistence was greatest in those habitats.

As the Neotropical dry season progressed, mangrove habitat retained more birds

and those birds moved less than those in non-mangrove habitat. This is likely because
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mangroves retain more moisture while soils and vegetation in secondary forests and
freshwater wetlands dry out, leaving fewer resources (i.e., phytophagous and aquatic
emergent arthropods) for birds occupying those habitats (e.g., Smith et al. 2011).
Focusing conservation efforts on high quality, wet mangroves would provide habitat for
the greatest number of birds; however, conserving secondary forests and freshwater
wetlands, especially those adjacent to mangroves, would also provide useful habitat.
Mangrove forests are facing ever increasing threats from deforestation for development,
aquaculture, rising sea levels and reduced precipitation from climate change (Neelin et al.
2006), and anthropogenic changes to hydrologic regimes (Sandilyan et al. 2012).
Therefore, it is imperative that conservation action be taken to preserve remaining
mangroves across the Americas as they provide important overwintering habitat for
Prothonotary Warblers and myriad other terrestrial and aquatic species (Nagelkerken et
al. 2008).

The results presented here, coupled with those of Bulluck et al. 2019 and recent
publications documenting intra-tropical migration (Stutchbury et al. 2016, Kolecek et al.
2018) and decreased residence times (Ruiz-Gutierrez et al. 2016), highlight that the
ecology of overwintering migratory birds is not as simple (or stationary) as once thought.
These findings are leading to a paradigm shift in how we think about the overwintering
portion of the annual cycle that has been largely influenced by a focus on stationary and
territorial species. Indeed, Prothonotary Warblers occupying dry forests on arrival to the
overwintering grounds, may be taking advantage of seasonal abundances related to the

wet season across northern Colombia and Panama (September-November), and thus
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taking advantage of seasonal fluctuations in habitat suitability. The use of site
persistence and residence times as measures of habitat quality is not restricted to
migratory birds; indeed, studies from butterflies (Shahabuddin et al. 2000) to
chimpanzees (Foerster et al. 2016) have found similar relationships. Full life cycle
models will need to incorporate the transient nature of species if they are to effectively
identify priority areas for conservation (Stutchbury et al. 2016), and further research is

required to determine the benefits/disadvantages of occupying more than one habitat.
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Figure 1 Prothonotary Warbler captured and tagged with a nanotag in Panama in
December 2016.
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@ Hand-tracking Sites

A Motus Automated Towers

Figure 2 Location of sites in the Panama Canal Region where we tracked individual
Prothonotary Warblers using VHF tags and Motus towers that could detect larger scale
movements of these same tagged birds.
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Figure 3 Predicted consecutive distances (meters) between locations for Prothonotary
Warblers wintering in Panama, from late December 2016 to early February 2017, for the
two best Bayesian linear mixed effects models from leave-one-out cross-validation. A)

The wet habitat model and B) The mangrove habitat model. Error bars represent 95%
credible interval.
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Table 1 Habitat features of Prothonotary Warbler study sites across the Panama Canal
region of Panama. Sites were monitored from late December 2016 to early February
2017.

Site Habitat Type Moisture Disturbance Approximate
level level Patch size
Juan Diaz (JUDI) Black Mangrove High Medium 2.0 Km?
Galeta Res. Sta. (GALE) Mixed Mangrove High Low 6.7 Km?
Panama Viejo (PAVI) White Mangrove Low High 0.2 Km?
Cerro Ancon (CEAN) Secondary None High 0.5 Km?
Gamboa Resort (GARD)  Secondary/Riparian Low Medium 0.6 Km?
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Table 2 Protonotary warblers captured along the Panama Canal region of Panama from
late December 2016 to early February 2017 by age, sex, site, and habitat type. Number
captured represents the total number of individuals captured in each location and for all
other columns numbers outside parentheses represent percent and within parentheses
represent number of individuals.

Site Number Male Female Young Adult Young Adult
captured Male Male Female Female
Juan Diaz 36 56 (20) 44 (16) 22(8) 33 (12) 22 (8) 22 (8)
Galeta 25 32 (8) 68 (17) 16(4) 16 (4) 44 (11) 24 (6)
Panama Viejo 9 56 (5) 44 (4) 22 (2) 33 (3) 22 (2) 22 (2)
Cerro Ancon 9 67 (6) 33 (3) 67 (6) 0 22 (2) 11 (1)
Gamboa 8 86 (7) 14 (1) 63 (5) 25(2) 0(0) 13 (1)
Total 87 53 (46) 47(41) 29 (25) 24 (21) 26 (23) 21 (18)
Mangrove Habitat 70 4733) 53@37) 20(14) 27(19) 30 (21) 23 (16)
Non-Mangrove Habitat 17 76 (13) 24 (4) 64 (11) 12 (2) 12 (2) 12 (2)
Wet Habitat 61 46 (28) 54(33) 20(12) 26(16) 31(19) 23 (14)
Dry Habitat 26 69 (18) 31(8) 50(13) 19(%) 15 (4) 15 (4)
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Table 3 Prothonotary Warbler site persistence estimates and survival estimates along the
Panama Canal region of Panama, from late December 2016 to early February 2017, using
the best fitting model for mangrove vs. non-mangrove habitat and wet vs. dry habitat,
with lower 95% confidence interval (LCI 95%) and upper 95% confidence interval (UCI

95%).
Parameter Site Persistence LCI UCI Survival LCI UCI
Estimate 95% 95% Estimate 95% 95%
Mangrove Habitat 0.831 0.559  0.951 0.827 0.508 0.956
Non-Mangrove Habitat 0.622 0.292  0.868 0.903 0.541 0.987
Wet Habitat 0.809 0.468  0.953 0.884 0.487 0.984
Dry Habitat 0.677 0.402  0.868 0.848 0.553 0.964
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Table 4 Summary of the number of color banded Prothonotary Warblers (# color banded)
at each site along the Panama Canal region of Panama. Total resighted is the percent of
color banded individuals resighted during the study period with number of individuals in
parentheses. The Day columns represent the number of individuals resighted after that

many days after banding.

Site No. Color Total Day Day Day Day Day
banded resighted 7 14 21 28 35
Juan Diez 31 35% (11) 11 10 7 2 0
Galeta 20 50% (10) 10 10 6 2 2
Panama Viejo 4 25% (1) 1 0 0 0 0
Cerro Ancon 3 0 na na na na na
Gamboa 0 na na na na na na
Total 58 38%(22) 22 20 13 4 2
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Chapter 3 Linking winter habitat, arrival dynamics, breeding phenology, and post-
fledgling survival in a Neotropical migrant songbird of conservation concern

Introduction

For long-distance migratory birds, suitable breeding conditions occur in a narrow
window of the annual cycle making timely arrival to the breeding grounds critical for
maximizing breeding success (Aebischer et al. 1996). Events preceding this narrow
window of opportunity can carry-over to impact breeding outcomes (e.g., Marra et al.
1998; Gunnarsson et al. 2006) and cause seasonal interactions where events during the
preceding season impacts the processes or outcomes of another (Marra et al. 2015).
Spring arrival timing can be a strong determinant of reproductive output as early arrival
allows for optimal habitat and mate selection (e.g., Gunnarsson et al. 2005), a longer
breeding period, and the opportunity for more brood attempts (i.e., double brooding;
Ogden and Stutchbury 1996). Nest initiation date, a corollary of spring arrival, often
predicts clutch size (Petit 1989), with later initiation resulting in smaller clutches, and
rates of double brooding can drive annual variation in reproduction (Nagy and Holmes
2005), predict site fidelity (Hoover 2003), and increase lifetime reproductive success
(Gillis et al. 2008; Petit and Petit 1996). A delay in spring arrival can have a cascading
effect on breeding events resulting in reduced or failed reproduction (e.g., Gunnarson et

al. 2005; Reudink et al. 2009; Tonra et al. 2011). Thus, events during the non-breeding
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stationary period (hereafter: winter) that delay spring arrival can carry-over to limit
reproductive output (Saino et al. 2004, Norris et al. 2004).

Carry-over effects can act as important drivers of population dynamics and
understanding them is critical for effective conservation planning and population
management (Harrison et al. 2010). However, we still lack an understanding of how
carry-over effects experienced by adults impact more limiting aspects of breeding
success, beyond the nest, which can determine recruitment and productivity. Among
these is offspring survival during the post-fledging period (the period after leaving the
nest and prior to dispersal/migration), one of the most limiting times for juvenile survival
and recruitment (Cox et al. 2014). Despite evidence that population growth rates are
sensitive to annual survival of young birds (e.g., Donovan et al. 1995, Rushing et al.
2017) it remains one of the most understudied periods of the annual cycle in avian
populations (Cox et al. 2014). The time of season when fledging occurs (i.e., fledge date)
has been highlighted as an important predictor of post-fledging survival, where earlier
fledging increases survival probability and recruitment (McKim-Louder et al. 2013;
Schmidt et al. 2008, Vitz and Rodewald 2011). If carry-over effects from winter habitat
delay spring arrival, it could cause later fledging dates and thus lower post-fledging
survival and recruitment. Additionally, studies of carry-over effects often rely on
measures of breeding success that are misleading when rates of post-fledging survival are
low, despite high rates of nest success (e.g., Balogh et al. 2011). High mortality in late
fledglings could impose high costs on late arriving individuals and reduced possibilities

for producing multiple broods. Therefore, our understanding of carry-over effects in
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migratory birds is incomplete without elucidating potential impacts of nonbreeding
conditions on post-fledging survival.

A major driver of carry-over effects in migratory songbirds is winter habitat
quality, which can impact pre-alternate molt (Cristol et al. 2014), migratory preparation
(Studds and Marra 2005), departure date, migratory condition (Bearhop et al. 2004),
arrival timing and body condition at the breeding grounds (Marra et al. 1998), hormonal
breeding preparedness (Tonra et al. 2011), and total breeding output for the season
(Reudink et al. 2009). However, quantifying winter habitat quality can be challenging,
especially for small migratory songbirds that are difficult to track across the full annual
cycle. Measures of winter habitat moisture can be used to infer habitat quality, in some
species, and link it to spring arrival timing when tracking is too costly or not feasible, as
it is a major determinant of habitat quality in Neotropical migratory birds (e.g., Studds
and Marra 2007, Smith et al. 2010). Winter habitat moisture has been shown to drive
changes in body mass (Smith et al. 2010), time of migratory departure (Studds and Marra
2011), arrival to the breeding grounds (McKellar et al. 2013), and both annual and within
season survival (Johnson et al. 2006; Wolfe et al. 2013). Stable-carbon isotopes
(hereafter: §!°C), which are transferred up the food chain from plants to insects and
ultimately the tissues of vertebrate consumers, offer a useful index of the moisture of
habitats previously utilized by birds. §'3C varies naturally across habitats due to
differences in photosynthetic pathways (i.e., C3, C4, or CAM plants) and water use
efficiency (i.e., transpiration rates due to stomata opening and closing) of dominant

plants. This variation can be observed in tropical habitats and is reflected in the tissues of
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birds using those habitats, where birds using mesic habitats tend to show more depleted
5'3C than those in more xeric habitats (Marra et al. 1998, Smith et al. 2010). §'3C can be
measured from multiple tissues in birds including blood, claws, and feathers (Hobson and
Clark 1992; Bearhop et al. 2003), however claws are particularly useful because they
have slow turnover rates (~6 weeks; Bearhop et al. 2003, Reudink et al. 2009). Thus,
claws collected from birds arriving to breeding grounds can be used to estimate 5'°C of
winter habitat, and thereby quality, and link it to subsequent breeding events.

Winter habitat may be of particular importance to specialists who are limited by
habitat availability and may be more sensitive to small changes in quality, such as
moisture levels (e.g., Smith et al. 2010). For instance, wetland specialists, that are
limited to relatively mesic habitats (e.g., mangrove forest) on the wintering grounds, may
be particularly vulnerable to annual variation in precipitation, as this can limit the amount
and quality of available habitat (Soriano-Redondo et al. 2016). This is currently of
particular concern in the Neotropics under anthropogenic climate change, as seasonality
and annual variation in precipitation are becoming more extreme (e.g., Neelin et al.
2006). Understanding whether carry-over effects from winter habitat impact breeding
dynamics in these species and how they fluctuate in intensity annually are critical for
understanding the sensitivity of these species to climate change and other stressors across
the annual cycle (Small-Lorenz et al. 2013, Culp et al. 2017).

We tested whether carry-over effects from winter habitat impact arrival timing,
breeding phenology, and ultimately limit post-fledging survival through phenology, in a

neotropical migratory songbird of conservation concern, the Prothonotary Warbler
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(Protonotaria citrea). We predicted that Prothonotary Warblers wintering in more mesic
(i.e., higher quality) habitat, measured from §'°C in claws, would arrive earlier to the
breeding grounds, breed sooner, and fledge more young, than birds wintering in more
xeric (i.e., lower quality) habitat. Additionally, we predicted late arriving birds who
fledge young later in the breeding season, would have lower rates of post-fledging
survival and recruitment than earlier arriving birds. To validate their use as a measure of
habitat moisture in Prothonotary Warblers, we first quantified §'°C (sampled from claws)
across a range of winter habitats in Panama and Colombia. Using this information, we
then assessed the impacts of winter habitat on arrival timing and reproduction. Since
carry-over effects from winter habitat have been shown to manifest both directly and
indirectly on breeding phenology and performance, we tested multiple direct and indirect
pathways that might connect winter habitat to breeding events and ultimately post-

fledging survival and recruitment.

Methods
Study Species

The Prothonotary Warbler is Neotropical migratory songbird that specializes on
mesic habitats across the annual cycle. During the breeding season, they utilize wet
forest habitats including swamps, bottomland hardwood forests, and riparian corridors
(Petit 1999) where they nest in tree cavities over flooded habitat. Largely due to their
propensity to also use nest boxes, they are well studied on the breeding grounds offering

a solid understanding of their breeding ecology. However, our knowledge of the winter
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period (but see Lefebvre and Poulin 1996, Wolfe et al. 2013, Bulluck et al. 2019), and
interactions with other stages in the full annual cycle remain incomplete. Spring arrival
dynamics have been studied in relation to the timing of arrival (Petit 1989) and both
habitat and nest site selection upon arrival (Petit and Petit 1996) however, to date no
study has examined the link between winter habitat quality and arrival timing. Early
arrival to the breeding grounds may be particularly important for this species as intra- and
inter-species competition for cavities can drive population dynamics (Newton 1998).
Prothonotary Warblers occur in highest densities in coastal mangrove and tropical
riparian forests during winter, however they also occupy secondary dry forests at lower
densities (Bulluck et al. 2019). Within these habitats they occur solitarily or in mixed
species flocks and many maintain home ranges even as seasonal drying occurs (83%-62%
were site persistent; Chapter 2). Variation in population density (Bulluck et al. 2019) and
movement patterns (Chapter 2) among habitats suggests that habitat quality may play a
role in winter dynamics and potentially carry-over effects to breeding outcomes.
Prothonotary Warblers currently face threats to habitat across the annual cycle as
bottomland hardwood forests continue to be altered and drained for development, and
tropical riparian forests, especially mangroves, are deforested at alarming rates
(Sandilyan and Kathiresan 2012). Since the 1960s, Prothonotary Warblers have
experienced population declines across large portions of the breeding range
(approximately 1% yr'!; Sauer et al. 2015) with declines reaching 5.5% yr! in some years
(Ziolkowski et al. 2010). Due to the declining population, likely caused by extensive loss

and degradation of both breeding and wintering habitat, the Prothonotary Warbler is on
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many watch lists (e.g., National Audubon Society) and is a species of concern both
nationally (U.S. Fish and Wildlife Service; Partners in Flight) and in many states,
including Ohio. Additionally, their winter habitat is expected to undergo further
degradation from climate change (e.g., reduced precipitation, rising sea levels and
increased storm frequency; Neelin et al. 2006, Ward et al. 2016). Given the extensive
threats to Prothonotary Warbler populations on both the breeding and wintering grounds,
it is critical that a full annual cycle approach, where we understand the links between the

various stages, be taken to their conservation and management.

Study Site

We conducted our research from 2016 to 2019, at the Hoover Nature Preserve,
Galena, OH, USA (40.1990° N, 82.8852° W), which consists of 925 acres of upland
forest, ephemerally flooded forest, and forested wetland along the shoreline of the
Hoover Reservoir and two river corridors. The site hosts a large breeding population of
Prothonotary Warblers and contains a network of nest boxes. The boxes, established and
maintained, but not monitored, by a volunteer private citizen, are mounted on trees and
do not have mechanisms to exclude predators. Thus, boxes have much lower success
(i.e., fledging at least one young) compared to cavities in trees (box nests were successful
12.5% n= 96 and natural cavities were successful 38.2% n= 225) in this system.
Dominant tree and shrub species include eastern cottonwood (Populus deltoids),

American sycamore (Platanus occidentalis), boxelder (Acer negundo), green ash
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(Fraxinus Pennsylvania; mostly dead or dying due to Agrilus planipennis), and

buttonbush (Cephalanthus occidentalis).

Arrival surveys and captures

We conducted arrival surveys every two days, beginning in early to mid-April
each year which ensured Prothonotary Warblers were not present during the first survey
(in most cases no males arrived until after the 3 survey). During each survey, we
walked pre-established transects and used visual and auditory cues to detect and identify
individuals. Males captured in previous years were identified by color bands. For males
without bands, we used unique external features (i.e., extent of green on nape and
forehead, residue from sap on forehead, extent of yellow on belly/vent) to identify them
until captured. Arrival dates were recorded relative to the earliest arrival date within year
and between years (i.e., first bird arrived on Day 1). Males that arrived >35 days after the
first arrival were excluded as it was possible they were local relocations rather than
arrivals from the non-breeding grounds. Individuals were captured as soon as possible
after arrival using conspecific playback and mist nets. We banded each new bird with a
unique combination of a USGS aluminum band and three plastic color bands. For stable
isotope analysis, we collected claw clippings (~2mm) from the center toe on each foot.
Only claw samples collected within 7 days of an individual’s arrival to the breeding
grounds were used for further analysis to reduce the likelihood that samples contained
stable carbon signatures from migration or breeding (Reudink et al. 2009, Tonra et al.

2011). Additionally, we recorded sex, age (young = within first year of life, or old => 1
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year old), mass (£ 0.01g), and structural body size (i.e., wing and tail to nearest mm, and

tarsus length to nearest 0.1mm).

Nest monitoring

Concurrently with arrival surveys, we monitored each territory, identified by the
territorial male, for pairing success (i.e., female consistently on territory) and nesting
behavior. We had a small number of males that did not pair during the full breeding
season since females often switch territories after nest failure allowing initially unpaired
males to eventually attract a female. To increase sample size of our initial pairing
success variable, we counted males that did not pair with females in the first round of
nesting (i.e., before June 1%) or paired with a female who had a previous nest attempt
with another male, as unpaired. Therefore, the initial pairing success variable represents
pairing in the first round of breeding not for the whole season. We located nests using
adult behavior and systematic searching for both natural cavity and artificial box nests
and monitored them every 2-5 days to determine first egg date (i.e., date of first egg laid
on male’s territory) and fledge date. Both first egg date and fledge date were recorded
relative to the earliest date within year and between years. We checked nest contents and
determined nestling age with a handheld nest camera (Explorer Premium, model
8803AL), which we mounted on an extension pole for nests over 3 meters. We
considered the first egg date for a male to be the first date an egg was laid in his territory
so in some cases the female of the nest may have an earlier first egg date from a previous

attempt. We chose to make this distinction since our pathway was focused on the male
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(see below). We removed males (n=4) with dates greater than 34 days after the earliest
first egg date and territories where we knew based on behavior that a previous nesting
attempt was not found before failure. Following the completion of each nest attempt,
either due to fledging or failure, we monitored the territory to find subsequent nesting
attempts and determine final breeding status (i.e., number fledged in each attempt and

total fledged for breeding season).

Post-fledging survival

We banded nestlings between day 7-10 of the nestling period with a USGS
aluminum band and three plastic color bands. During the 2016 and 2017 breeding
seasons, we estimated post-fledgling survival by deploying a radio transmitter (Model
A2415; Advanced Telemetry Services, Inc.) on one randomly selected nestling from each
brood. We attached transmitters using a leg loop harness (Rappole and Tipton 1991)
made of elastic bead chord. Transmitters were <5% of nestling body mass and had a
battery life of approximately 45 days. We tracked each fledgling by homing until
visually detected at least once every two days to determine survival. Following each
mortality event, we attempted to identify cause of mortality by examining remaining

body parts, transmitter condition, and location (Shipley et al. 2013).

Winter isotope analysis
To validate the use of stable-carbon isotopes as a measure of winter habitat, we

collected claw samples from five sites, representing lowland forest (i.e., broadleaf non-
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mangrove forests), freshwater wetland, black mangrove, white mangrove, and red
mangrove (see Chapter 2 for habitat specific details), along the Panama Canal Region,
Panama from December 2016 to February 2017 and at two sites, representing freshwater
wetlands and mixed red mangrove habitat, in northeastern Colombia. We used mist nets
to passively and actively (using distress calls and chips) capture Prothonotary Warblers

and collected claw samples as described above.

Stable isotope analysis

We prepared all winter and arrival claw samples for isotope analysis by washing
them in 2ml of 2:1 chloroform to methanol for 2 hours to remove foreign material and
then allowed them to dry for 48 hours. After drying, we weighed and packed each
sample into tin capsules and transported them to the Smithsonian MCI Stable Isotope
Mass Spectrometry Lab for analysis. All samples were run on a Thermo Delta V
Advantage mass spectrometer in continuous flow mode coupled to an Elementar vario
ISOTOPE Cube Elemental Analyzer via a Thermo Conflo IV and calculations of raw
isotope values were performed with Isodat 3.0 software. Carbon isotope ratios (*C/!*C)
are reported in delta (8) notation in per-mil units (%o) as deviation from the Vienna
Peedee belemnite standard. All runs included a set of reference materials (i.e., include
Costech Acetanilide [calibrated to USGS40 (L-glutamic acid) and USGS41 (L-glutamic
acid)] and USGS66 (glycine)) for every 10-12 samples and reproducibility of reference

materials was +0.2%o.
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Statistical analysis

We compared 8'°C values sampled from the seven winter habitats with the
“anova” function in program R (v 4.0.3, R Core Team, 2020) followed by a Tukey HSD
test. We used a Welch Two Sample t-test to determine if male arrival date varied by age
with means and standard errors. Following Drake et al. (2013) and Akresh et al. (2019),
to examine potential carry-over effects from winter on breeding season events, we
analyzed direct and indirect relationships between claw §!°C and each subsequent
breeding event starting with arrival timing to the breeding grounds (Figure 4). Each step
in the a priori pathway was modeled individually to maximize sample size and to
increase statistical power by reducing the number of parameters in each model. This was
important as difficult capture conditions (i.e., deep water, spring weather, and repeated
capturing across years) limited usable carbon samples (i.e., sampled in <8 days post-
arrival) and we were not always able to collect every breeding parameter for each bird
(e.g., occasional nest on private property). We used linear mixed-effects models with a
random intercept for individual to account for repeated samples across years and in some
cases (i.e., clutch initiation date) repeated samples within years. For each step in the
pathway, the dependent variable was the variable to the right of the arrow in Figure 4,
and we started with a full model that included: the explanatory variable of interest (i.e.,
the variable to the left of the arrow in Figure 4), interaction terms with year and age, and
removed non-significant predictors in a stepwise fashion (excluding the variable of
interest). We first removed the year interaction if not statistically significant (P>0.05)

followed by year (P>0.05) and finally age (P>0.10). We were more conservative when
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removing age from our models as sample sizes for young males was considerably smaller
than older males and age is an important factor in breeding outcomes. If there was a year
interaction, we ran each year separately using a linear fixed-effects model, since
individuals were no longer repeated, and followed the same procedure outlined above.

We used program R (v 4.0.3, R Core Team, (2020) to conduct analyses in the
carry-over pathway (Figure 4) except for the post-fledging models (see below). For
models with arrival date, first egg date, and fledge date as the dependent variable, we
used the R package “nlme” to build gaussian linear mixed-effects models (Pinheiro et al.
2015). We used the R package “Ime4” to construct binomial mixed-effects models for
initial pairing success, nest type (box versus natural cavity), nest success (i.e., did the nest
fledge at least one prothonotary warbler), Brown-headed Cowbird (Molothrus ater) nest
parasitism, and recruitment. For the arrival date to nest type model, we only used the nest
type of the first attempt.

We used the R package “ordinal” to fit cumulative link mixed-effects models
(Christensen 2012) with number fledged for a given nest attempt (i.e., 1-6) or total
number fledged for the year (i.e., sum of young produced from all attempts within a year)
as the dependent variables. For total number fledged, we created an ordinal variable
where we grouped males that fledged less than average (i.e., 1-3 young), average (i.e., 4-
6 young) and above average (i.e., 7-10 young) as low and high categories were rank
deficient and prevented model convergence without grouping. Additionally, we included
a binary variable to account for Brown-headed Cowbird parasitism in the total fledged

model. We used clutch initiation date rather than first egg date for the pathway from first
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egg date to number fledged to increase sample size and excluded parasitized nests rather
than fitting an additional Brown-headed Cowbird variable as it was rank deficient. When
modeling Brown-headed Cowbird parasitism to number fledged we could not include age
as a covariate because only 2 parasitized young male nests successfully fledged
Prothonotary Warblers. We considered a level of a < 0.05 to be significant in final
models throughout. However, we report relationships with a < 0.1 as trends to account
for small sample sizes but have avoided drawing conclusions from these results.

We estimated post-fledging survival with Program MARK (White and Burnham
1999) known-fate models, which utilize a Kaplan-Meier approach (Kaplan-Meier 1958).
To reduce model complexity, we first constructed a base model by assessing important
known predictors of post-fledging survival prior to testing predictions based on
phenology variables. We included models for fledgling age (i.e., time since fledging),
year, fledgling sex (Maness and Anderson 2013), parental male age (young or old), brood
(i.e., first or second successful brood), and number fledged (i.e., number of siblings). To
build the base model, we constructed single variable models for each covariate listed
above, as well as an additive and interaction model with fledgling age. We assessed
potential predictors using Akaike’s Information Criterion corrected for small sample size
(AIC.; Akaike 1973, Burnham and Anderson 2002). We investigated potential
interactions between fledgling age and other covariates as it is one of the most important
predictors of survival for passerines (Cox et al. 2014). Covariates from models ranked <
2 AAIC. were included in the final base model, and we further tested the importance of

each covariate with a likelihood ratio test between the final base model and a reduced
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model with each covariate removed independently. By building the base model, we hope
to control for factors that influence post-fledging survival but that are not directly related
to our carry-over pathway.

Once the base model was constructed, we tested the importance of each
phenology variable (i.e., arrival date, first egg date, and fledge date) in our pathway
individually by preforming a likelihood ratio test between the final base model (i.e., the
reduced model) and a model that consisted of the base model with the added phenology

variable (i.e., the full model).

Results
Spring Arrival

We recorded 158 arrival dates for 95 individual male Prothonotary Warblers
during spring 2016-2019. The earliest arrival across all 4 years was 14 April 2017. Old
males arrived to breeding sites on average 2.5 days earlier than young males (= 2.30, df=
96, 95% CI= 0.34-4.6, P=0.024). Winter '°C values ranged from -26.1 to -22.8 (Table
5). Young males arriving at the breeding grounds showed significantly more enriched
813C values (-24.25+ 0.10; indicative of non-mangrove or red mangrove habitat)

compared to old males (-23.91+ 0.12; = -2.30, df= 93, 95% CI=-0.65- -0.05, P= 0.025).

Carry-over effects pathway
For Prothonotary Warblers wintering in Panama and Colombia, we found that

individuals utilizing lowland forests and freshwater wetlands showed depleted §'*C
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signatures similar to individuals utilizing red mangroves and that black and white
mangroves showed more enriched 8'*C (Figure 5, Table 5). The relationship between
winter habitat, estimated through §'°C, and arrival date was dependent on year (Figure 6),
so we modeled years separately. Males with more enriched §'*C (representing black and
white mangrove habitat) arrived earlier than those with more depleted §!°C (representing
non-mangrove or red mangrove habitat) in 2016 (n= 21, f=-3.60, SE=1.65, =-2.19, P =
0.042, r>= 0.20) and in 2019 (n= 25, p=-3.34, SE=1.51, =-2.21, P=0.037, R*= 0.14).
There was no relationship between arrival and 8'3C (n= 21, p=1.639, SE=2.08, = 0.79,
P=0.44, R>=0.03) in 2017. In 2018, males with more depleted 5'°C arrived earlier than
males with more enriched §'°C (n=30, p=1.32, SE=0.61, =2.16, P = 0.04, R*>= 0.36)
and old males arrived earlier (n=30, p=3.80, SE= 1.14, = 3.34, P = 0.002, R*= 0.36) than
young males. We did not find evidence for a direct effect of §'°C on initial pairing
success (n=95, B=-0.12, SE= 0.36, z=-0.35, P = 0.73), nest success (n=98, f= 0.38, SE=
0.24,z=1.59, P=0.11), first egg date (n=61, p=-0.31, SE=0.88, =-0.35, P=0.73), or
fledge date (n=42, p=1.29, SE=2.41, =0.54, P = 0.62).

We documented the lowest rates of unpaired males in 2016 (12.2%) and 2019
(12.9%) followed by 2017 (19.6%), and finally 2018 (27.8%). With all years combined
9.6% (n=104) of old males and 34.7% (n=49) of young males were not paired during the
initial nesting period and 3.8% of old males and 26.5% of young males did not acquire a
mate for at least one entire breeding season. Arrival date (n=153, f=-0.53, SE=0.24, z=
-2.23, P=0.026) and age (n=153, p=-1.46, SE=0.46, z=-3.19, P = 0.001) predicted

initial pairing success where old and earlier arriving males were more likely to acquire a
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female during the first round of nesting. Early arriving males were more likely to
successfully fledge at least one young (n=146, = -0.07, SE=0.03, z=-2.32, P =0.021)
independent of age. Arrival date did not predict nest type (box or cavity) for the first nest
attempt (n=134, = 0.04, SE=0.04, z= 1.02, P =0.31). Arrival date predicted first egg
date when controlling for year and age, where early arriving males had earlier first egg
dates (n=107, = 0.32, SE=0.09, = 3.73, P <0.001) and young males had later first egg
dates than older males (n=107, = 3.56, SE= 1.20, t=2.98, P = 0.005).

Nests with earlier first egg dates were more likely to be successful (i.e., fledge at
least one young; n=120, = -0.08, SE=0.03, z=-2.45, P=0.013). First egg date (n=64,
B=0.67, SE=0.29, = 2.35, P =0.041) predicted fledge date of the first successful nest
(not necessarily the same nest attempt as the first egg date) and young males showed a
trend toward only fledging earlier attempts (n=64, = -8.24, SE=4.24, =-1.94, P
=0.058). Clutch initiation date (n=75, f=-0.06, SE=0.02, z=-3.90, P < 0.001) and age
(n=75, p=-1.67, SE=0.54, z= -3.11, P <0.001) predicted the number fledged per attempt
where earlier nests and older males produced more young. We found that males with
earlier first egg dates, whether young or old, trended toward higher numbers of total
young for the year (n=65, f=-0.11, SE=0.06, z=-1.82, P = 0.07) when Brown-headed
Cowbird parasitism was accounted for (n=65, p=-2.16, SE=1.13, z=-1.92, P = 0.06).
We did not find evidence that fledge date impacted recruitment (n=229, = -0.26, SE=
0.24, z=-1.08, P = 0.28), however our effective sample size was relatively small with

only 10.9% of banded nestlings returning as breeders over the three-year period.
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Brown-headed Cowbird parasitism reduced the number of young fledged per nest
attempt (n=88, p=-1.67, SE=0.68, z=-2.45, P=0.01). We found that nests in boxes
tended to have fewer instances of Brown-headed Cowbird parasitism (n=88, = -0.86,
SE=0.51, z=-1.70, P= 0.09), however boxes did not completely prevent parasitism due
to large entrance holes. Despite a reduction in parasitism, box nests were significantly
less likely to be successful (i.e., fledge at least one prothonotary warbler) compared to

cavities (n=306, = -1.57, SE=0.38, z=-4.16, P< 0.001) for both old and young males.

Post-fledging survival

We tracked survival of 46 fledglings (2016: n=22, 2017: n=24) and documented
17 mortality events (2016: n=9, 2017: n=8) all of which occurred in the first 8 days after
fledging. The base model for predicting post-fledging survival consisted of fledgling age,
sex, an age sex interaction, and number fledged. Overall survival probability increased as
fledgling age (i.e., time since fledging; ¥*= 32.98, df= 4, P< 0.001) increased and more
females survived overall than males (XZZ 7.94, df=1, P=0.019). However, age and sex
interacted (y*= 5.70, df= 1, P=0.017) to impact survival where mortality in females
occurred shortly after fledging but male mortality consistently decreased with age.
Survival also varied by the number of young fledged from the nest (y*= 4.59, df= 1, P=
0.032) where the more young that fledged the greater the probability of survival for the
tagged nestling. Arrival date (y*= 0.43, df= 1, P=0.51), first egg date (= 0.28, df= 1,
P=10.60), and fledge date (y°= 1.65, df= 1, P=0.20) did not influence post-fledgling

survival. Four mortalities were attributed to avian predation, three mortalities were
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attributed to mammal predation, one was attributed to weather (i.e., severe storm), one
was found inside a gray rat snake (Pantherophis spiloides), one was likely predated by a
turtle or fish (unknown species) either before or after drowning and seven had unknown

mortality.

Discussion

Carry-over effects can act as important drivers of population dynamics and
understanding them is critical for effective conservation planning and population
management. However, we still lack a complete understanding of how carry-over effects
limit aspects of breeding success, especially in habitat specialist like the Prothonotary
Warbler. To address these knowledge gaps, we studied the impact of carry-over effects
from winter habitat quality on nesting success and post-fledgling survival in a population
of Prothonotary Warblers breeding in Ohio. We found that winter habitat quality,
estimated from §'3C in claws, impacts arrival timing in some years on the breeding
grounds of male Prothonotary Warblers adding to the growing body of literature on
carry-over effects from winter to breeding. The relationship between winter habitat and
arrival varied between years, similar to other studies (Rockwell et al. 2013, Akresh et al.
2019), suggesting that the strength of these relationships may be related to broad scale
climatic events. Additionally, we found multiple pathways through which winter habitat
quality may indirectly impact breeding outcomes through arrival date.

Prothonotary Warblers wintering in lowland forests and freshwater wetlands

showed depleted 5'°C signatures similar to red mangroves, however black and white
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mangroves showed more enriched 8'*C (Figure 5). This was contrary to the expected
relationship between presumed habitat moisture and 8'*C. Other species have shown
similar §'°C patterns among habitats, where birds using lowland forest (presumably drier
than mangroves) show depleted 8'*C compared to mangroves. For example, Northern
Waterthrush (Seiurus noveboracensis) wintering Puerto Rico showed more depleted
signatures in dry lowland forests compare to black mangroves (Smith et al. 2010) and
American Redstarts (Sefophaga ruticilla) wintering in wet lowland forests in both
Jamaica and Honduras showed more depleted §'*C compared to black mangrove (both
habitats were more depleted than coastal scrub habitat; Marra et al. 1998). Most studies
that have validated winter 8'*C in warblers have been based on Caribbean islands (Marra
et al. 1998, Bearhop et al. 2004, Akresh et al. 2019) or the northern continental Caribbean
coast (Marra et al. 1998; but see Drake et al. 2013) and focused on species where a
substantial proportion of the population utilizes coastal scrub (but see Smith et al. 2010)
during the winter. Gonzalez-Prieto and Hobson 2013 tested the generality of the xeric-
mesic §'°C gradient by examining arrival and condition in multiple species and found
that it may not be applicable for species wintering outside the Caribbean, not using scrub
in high proportions, with specific habitat requirements, or for some populations of a
species. They cautioned against using this paradigm with species that deviate from the
norm without first quantifying §'°C habitat relationships in situ. For example, Alder
Flycatchers (Empidonax alnorum) with enriched §'°C (i.e., presumably more xeric
habitat) arrived earlier than those with more depleted §'°C (Gonzalez-Prieto and Hobson

2013). Similarly, Imlay et al. (2019), found male Bank Swallows (Riparia riparia) with
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depleted winter 8'°C were associated with higher nestling survival but male Cliff
swallows (Petrochelidon pyrrhonota) had lower nestling survival associated with
depleted 8'°C. In situ validation of §'3C-habitat relationships is critical for these and
other studies to confirm not only the nature of variation in §'*C among habitat types, but
the relative quality of such habitats to overwintering birds (e.g., Marra 2000, Smith et al.
2010, Bulluck et al. 2019). Our results further highlight the importance of validating
813C in a variety of habitats for species outside of the well-established paradigm in order
to better understand the §'*C gradient and carry-over effects.

Early arriving male Prothonotary Warblers originated from habitats similar in
813C to lowland forests, freshwater wetlands, or red mangroves in 2018 but originated
from habitats similar in §'*C to black or white mangrove in 2016 and 2019. Previous
research on the wintering grounds of Prothonotary Warblers provides evidence that
lowland forests and freshwater wetlands are of lower quality compared to mangroves
(Chapter 2, Bulluck et al. 2020), leading to our prediction that early arriving birds would
originate from wet mangrove habitat. As a wet habitat specialist on both the breeding
and winter grounds, Prothonotary Warblers may be particularly sensitive to variation in
moisture (i.e., precipitation or tidal levels). Thus, broad scale weather patterns, such as
the El Nino-Southern Oscillation (hereafter: ENSO), could introduce variability in habitat
quality (through variation in rainfall), and thus arrival patterns, among years. Across the
Prothonotary Warbler’s winter range, ENSO drives annual moisture and temperature
patterns and is monitored through the Oceanic Nifio Index (ONI; 3 month running mean

for January to March, <noaa.gov>), where El Nifio years (i.e., hot and dry) are
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represented by more positive values and more negative values represent La Nifia years
(i.e., cool and moist). In 2016, there was an extreme El Nifio event (mean= 2.1 ONI) and
in 2019 there was another weaker El Nifio event (mean= 0.9 ONI). In comparison, 2018
experienced La Nifia conditions (-0.9 ONI) and 2017 was considered neutral (-0.2 ONI).
Interestingly, ENSO events across the four winters of our study fit what one might
predict in terms of how climatic conditions may alter habitat quality variably among
habitats, based on our observed variation in the arrival 8'°C relationships. The
disproportionate impact of hot dry winter conditions on more depleted habitats (i.e.,
lowland forests or freshwater wetlands) could have led birds from more enriched habitats
(i.e., black, white, or mixed mangrove) to arrive earlier at the breeding grounds. In
contrast to mangroves, lowland forest areas can be more prone to seasonal drying as
many of their canopy species are facultatively deciduous during periods of drought, and
therefore are more likely to experience reductions in arthropod abundance (Richards and
Windsor 2007; Studds and Marra 2007). This is especially true for younger, more
disturbed forests that have shallower root systems (Cheng et al. 2020) and make up a
considerable portion of lowland forests (Vancutsem et al. 2020). Additionally, open or
sparsely canopied freshwater wetlands that follow seasonal wet-dry cycles may be
completely devoid of water during dry extremes or normal seasonal dry cycles (due to
evaporation and lower freshwater input) but in wet years may undergo minimal drying
(Junk 1997; Mitsch and Gosselink 2007; Reddy and DeLaune 2008). In contrast,
following cool, moist winter conditions in 2018 birds from more depleted '*C habitats

(i.e., lowland forest, fresh wetlands, or red mangroves) arrived earlier. Mangroves,
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which appear more buffered against dry years (e.g., Studds and Marra 2007) could
experience some changes in quality when precipitation is very high. Inundation (i.e., due
to flooding, tidal surges, or severe coastal storms) could reduce habitat quality from high
water creating more competition for limited resources. Prothonotary warblers often
forage low to the ground during the winter (Lefebvre et al. 1992), specifically on and
around pneumatophores in mangrove habitats, which could function to reduce intra or
inter specific competition from resident or migrants who forage higher up (Powell et al.
2021). However, during high rainfall events these areas can quickly become flooded
reducing foraging opportunities (e.g., pneumatophores and mud availability) and
increasing competition. These differences in habitat responses to annual variation in
precipitation could alter the dynamic between habitat type and quality for overwintering
migrants. For example, differences in arthropod biomass between lowland dry forests
and mangrove can disappear in wetter years, reducing differences in avian body condition
and spring departure dates between habitat types observed in drier years (Studds and
Marra 2007). Here we observed a reversal of the relationship between winter habitat and
spring arrival date in La Nifa versus El Nifio years. While more long-term study is
needed, our results highlight the importance of studies that encompass a variety of
climatic conditions to capture the potentially complex interactions between climatic
cycles and the nature of carry-over effects from winter habitat.

An alternative explanation for the annual variation in the §'3C-arrival date
relationship is that, because Prothonotary Warblers are non-territorial on the wintering

grounds, some of the between year variation might be attributable to birds moving

59



between habitats. Small scale spatial sifts in habitat have been documented in another
wet habitat specialist (Northern Waterthrush, Smith et al 2010). However, Prothonotary
Warblers wintering in Panama showed high rates of site persistence (83% in mangroves
and 62% in non-mangroves) as the dry season progressed, and it is not clear if
movements tended to be within or between habitats (Chapter 2). Thus, additional
intensive tracking of individuals (potentially including additional habitats; e.g., cienagas
in Colombia; Tonra et al. 2019; Bullock et al. 2020) throughout the winter is needed to
better understand responses to annual variation in moisture, and its potential relationship
to migration phenology.

We did not find evidence for direct carry-over effects from winter habitat on
breeding phenology or success beyond arrival date. However, we did find evidence for
multiple pathways through which winter habitat quality may indirectly impact breeding
outcomes through arrival date. Arrival date negatively correlated with initial pairing
success and nest success where early arrival favored early pairing and successfully
fledging young. Early spring arrival to the breeding grounds allows for optimal habitat
and mate selection in Prothonotary Warblers which could be particularly important for
this population as high-quality territories over water are limited (Blem and Blem 1991)
and predation is high (E. Ames unpublished data). Other studies have also found that the
benefits of early arrival may be mediated by territory or resource acquisition, which is
likely linked to individual quality in addition to arrival timing (McKeller et al. 2013). In
our system, it is likely that nest type (i.e., box or tree cavity) is not driving the observed

relationship as early arrival did not predict nest type (i.e., box or cavity). However, nest
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type strongly predicted fledging success, where nests in cavities were approximately 5
times more likely to fledge young. In this system, boxes are used less frequently (see
description in methods) than natural cavities, unlike other similar populations (i.e., Slevin
et al. 2018, Mueller et al. 2019), potentially due to high predation pressure associated
with boxes mounted on trees (Bailey and Bonter 2017). Similar to Petit and Petit (1996),
we found that clutch initiation date was positively correlated with number of young
fledged if successful and earlier first egg dates correlated with earlier fledge dates. Given
our results and coupled with similar studies (i.e., Gunnarsson et al. 2005, Drake et al.
2013, Akresh et al. 2019), it seems that carry-over effects from winter habitat on breeding
outcomes most often operate through indirect pathways.

Beyond the nesting period, we did not find evidence for a direct effect of winter
habitat on post-fledging survival or a phenological link between fledge date and post-
fledging survival or recruitment as predicted. However, number of nestlings fledged
positively impacted post-fledgling survival and was linked through first egg date and
arrival date to winter habitat. We may not have been able to detect a signal from fledge
date due high predation rates which causes many first attempts to fail and spread fledge
dates throughout the breeding season (E. Ames unpublished data). The number fledged
may have improved survival by reducing the odds of being eaten by a predator when
there are more siblings (Newton 1998), however it may be more likely that parents who
produce more young are better quality or have a better quality territory (i.e., food
resources or cover, Germain and Arcese 2014). We did not examine territorial habitat

quality; however, it can be a strong predictor of post-fledging survival (Cox et al. 2014)
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and can be impacted through arrival timing (e.g., Lundberg et al. 1981). Additionally, in
another Prothonotary Warbler population in Illinois fledge date was negatively correlated
with annual juvenal survival suggesting that spring arrival timing, and therefore winter
habitat quality, likely impact these factors (McKim-Louder et al. 2013). Capturing the
impacts of winter habitat quality on post-fledgling survival or recruitment may also be
inherently challenging as each stage of breeding adds random and patterned variation that
may obscure or negate the signal of a winter habitat effect. This is likely the case in
systems that experience high rates of nest predation, assuming nest predation is not
related to winter habitat quality through arrival date. Thus, studies that experimentally,
or otherwise, limit predation (e.g., nest boxes with predator guards, Bailey and Bonter
2017) may be more suited to isolate the effects of winter habitat onto the post-fledging
period.

Our findings contribute to the growing body of literature on carry-over effects in
songbirds. We found that carry-over effects from winter habitat can carry-over to impact
breeding success and post-fledging survival in a wet habitat specialist, the Prothonotary
Warbler. We provide evidence for an interaction between winter habitat quality and
climatic conditions, highlighting the importance of incorporating annual variation into
studies of carry-over effects, particularly given projected climate variability in the future
(Neelin 2006). Climate change is projected to cause continued decreased rainfall and
increased temperatures across the wintering range of Prothonotary warblers, and many
other Nearctic-Neotropical migrants. Additionally, tropical moist forests are undergoing

rapid and vast deforestation acrost the tropics (Vancutsem et al. 2020) making it critical
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that their preservation be prioritized. As deforestation and anthropogenic climate change
continue to alter landscapes in the Neotropics, it is likely that the repercussions will be
observed on the breeding grounds of many Neotropical migratory birds. This makes it
critical that we act now to preserve remaining important habitats for these species

(Rosenberg et al. 2016).
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Figure 4 Analysis framework and mixed model results for carry-over effects from winter
habitat quality (measured through 613C) on male breeding parameters in a central Ohio
population of Prothonotary Warblers from 2016-2019. Variables to the left of the arrows
represent independent variable and those to the right represent dependent variables (see
methods for model more details).
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Figure 5 Stable carbon isotope (5'C) values from Prothonotary Warbler claw clippings
collected in Panama and Colombia by site. Birds were captured from December 2016 to
February 2017 and January 2018 in Panama, and January 2016 in Colombia. Gamboa
Resort (GARD), Marimonda (CM), Cerro Ancon (CEAN), Galeta Res. Sta. (GALE),
Bocas del Atrato (CB), Panama Viejo (PAVI), Juan Diaz (JUDI). Red boxes represent
non-mangrove habitat, blue boxes represent mangrove habitat and the one green box
represents samples collected from males arriving in Ohio in during spring 2016-2019.
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Figure 6 Spring arrival date and stables carbon isotope (5'°C) relationships in male
Prothonotary Warblers arriving breeding at the Hoover Nature Preserve, in central Ohio,
from 2016 to 2019. §'3C was sampled from claw clippings collected within 7 days of

arrival. Each year is displayed separately with shaded areas representing 95% confidence
intervals. Arrival day 1= April 14",
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Table 5 Stable carbon isotope (8'°C) values from Prothonotary Warbler claw clippings
collected in Panama and Colombia. Birds were captured from December 2016 to
February 2017 and January 2018 in Panama, and January 2016 in Colombia. Site names
and abbreviated location codes, general habitat type, §'3C), standard error (SE), and
letters representing significant difference calculated from an anova followed by a
TukeyHDS test (see methods for details).

Site Habitat Type 83C SE TukeyHDS
Gamboa Resort (GARD)  Freshwater wetland -26.1 053 a
Marimonda (CM) Freshwater wetland -25.1 1.12 ab

Cerro Ancon (CEAN) Lowland Forest 247 030 ab

Galeta Res. Sta. (GALE) Red mangrove 257 0.17 a

Bocas del Atrato (CB) Red/mixed mangrove -24.7 0.25 ab

Panama Viejo (PAVI) White Mangrove 242 020 b

Juan Diaz (JUDI) Black mangrove -22.8 0.19 ¢
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Chapter 4 Breeding effort and investment influence events during post-breeding molt and
winter in the Prothonotary Warbler

Introduction

For many organisms, seasonal cycles in climate impose constraints on the
duration of life history stages and limit resources across the full annual cycle. This is
especially true for migratory birds who are constrained by the need to escape temperate
breeding areas before harsh conditions impact current or future survival (Newton 2007).
Timing constraints may be mitigated by overlapping portions of the annual cycle, but this
can result in trade-offs (Wingfield 2008). For instance, at the end of the temperate
growing season, resources and time must be balanced between reproduction, molt (the
annual replacement of feathers) and migratory preparation, which may require sacrifices
to one or more of these critical events (Ramenofsky and Wingfield 2007). Costs of these
trade-offs can carry-over to subsequent stages of the annual cycle, such as migration and
the stationary non-breeding period (hereafter: winter) and impact outcomes in those
stages (Harrison et al. 20111). For instance, extending reproduction for as long as
possible within the breeding season can increase reproductive success (Newton 1998) but
could come at the cost of survival on migration or during winter (Ricklefs 1977).
Identifying these carry-over effects is fundamental to understanding seasonal variation in
mortality and limits on breeding output, which is critical to effective conservation

strategies of migratory populations (Faaborg et al. 2010).
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When reproduction is extended into the annual prebasic molt (i.e., post-breeding
molt; Humphrey and Parkes 1959, Howell et al. 2003), individuals must either overlap
the two stages, delay molt in favor of breeding effort, or abandon breeding effort. If
resources are abundant, both rearing of young and molting feathers may be the most
beneficial to both processes. However, even with abundant resources, reduced energetic
condition associated with simultaneously rearing young and molting can lead to increased
foraging effort, decreased survival of young (Svensson and Nilsson 1997), reduced body
condition, mismatches in endocrine states (Williams 2012), slower feather growth
(Echeverry-Galvis and Hau 2012), and protracted or delayed molt (Ogden and Stutchbury
1996). Delaying molt until young are independent might cause molt to occur during a
more limited time in seasonal resources (Newton 1998), make it necessary to increase the
pace of molt, or cause overlaps between molt and migratory preparation. Both molt and
migratory preparation are energetically demanding (Lindstrom et al. 1993, Newton 2007)
and limited late summer food resources, due to environmental conditions (i.e., reduced
precipitation, temperature, or leaf senescence), can impact late breeding effort and molt
(Sitkamaki 1998, Verhulst and Nilsson 2008). Molting more feathers simultaneously and
quickly can shorten molt duration potentially avoiding the need to overlap molt and
migration (i.e., molt-migration; Tonra and Reudink 2018), but can also reduce feather
quality (i.e., feather density and stiffness; Dawson et al. 2000), and thermal tolerance
(Vagasi et al. 2012). In either case, the consequences of shortening molt duration in
order to extend reproduction can carry-over to impact migration phenology (Heckscher et

al. 2017) and winter habitat quality (Latta et al. 2016). Alternatively, abandoning current
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reproduction to devote energy toward molting would maximize survival probability (e.g.,
Mumme 2018) and reduce potential carry-over effects in subsequent stages but at the cost
of current reproduction.

Researchers have made considerable progress in understanding winter to breeding
carry-over effects in songbirds (Harrison et al. 2010). However, carry-over effects from
breeding to nonbreeding stages (i.e., molt, migration, winter) have received considerably
less attention, particularly for small (<20g) migratory songbirds (but see Latta et al.
2016). A major challenge in understanding carry-over effects in small migratory birds is
the difficulty in tracking them across the annual cycle, especially during periods when
direct observation or capture are difficult such as molt, when birds reduce visibility to
decrease predation risks (Jenni and Winkler 2020). This challenge can be somewhat
overcome by utilizing intrinsic markers (e.g., feathers and claws) that carry indicators of
physiological condition, such as stress (Madliger 2018) or nutritional state (Grubb 2006),
and habitat use (i.e., stable isotopes, Bearhop et al. 2003) from tissues grown in preceding
stages.

In birds, feathers can provide a relatively non-invasive method for studying carry-
over effects from breeding to nonbreeding periods, as they capture information as they
are grown, and since feather tissue is inert, the bird carries this information until the
following molt cycle. Feathers from post-breeding prebasic molt can be collected during
the winter or upon return to the breeding grounds the following year to determine the
physiological state of an individual during the preceding season (Hansen et al. 2016,

Latta et al. 2016, Romero and Fairhurst, 2016). Corticosterone (hereafter: CORT), the

69



primary avian glucocorticoid, can be measured from such feathers to provide an estimate
of stress levels during the time the feather was grown (Madliger et al. 2018). Feather
corticosterone ({CORT) provides an integrated measure of circulating CORT (Bortolotti
et al. 2008, Jenni-Eiermann et al. 2015). Latta et al. (2016) found Louisiana Waterthrush
(Parkesia motacilla) arriving to the wintering grounds with lower {CORT had higher
quality winter territories, measured through insect availability, and attained better body
condition as the winter season progressed. This suggests that stressors experienced
during molt can carry-over to impact performance on the wintering grounds. Although
CORT can represent stressful environmental conditions (i.e., poor nutritional state) and
correlate to fitness consequences such as feather quality (DesRochers et al. 2009), it can
vary depending on the stage of the annual cycle, age, and sex. For instance, elevated
CORT is adaptive in facilitating hyperphagia during migratory preparation (Holberton
1999).

Feathers collected during the winter or following spring can also provide a useful
index of nutritional condition during post-breeding molt by measuring feather growth rate
(i.e., ptilochronology, Grubb 2006). When feather keratin is laid down during growth a
series of light and dark bands are produced that represent periods of day and night in
songbirds (Grubb 2006). By measuring the width of these bands, we can estimate feather
growth rate (i.e., mm/day; hereafter: FGR) for an individual at the time that the feather
was grown. FGR can provide a useful measure of nutritional status at the time of growth
(Grubb 2006) and correlates to within season reproductive effort (White et al. 1991),

future reproductive effort (Takaki et al. 2001), molt duration (De La Hera et al. 2011),
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and migration phenology (Stutchbury et al. 2011). However, growing feathers too
quickly, especially when nutrients are limited, can result in lower feather quality (i.e.,
mass and length; Dawson et al. 2000, De La Hera et al. 2009) which could have
consequences for long-term feather wear, flight performance, and thermoregulation.

By combining measures of breeding effort, {CORT, FGR, and measures of feather
quality, we can gain a more comprehensive understanding of how breeding impacts post-
breeding molt. However, to determine whether these events carry-over to impact future
events individuals must be tracked beyond the breeding grounds which can be
challenging for small passerines that cannot carry long-lasting tracking devices (i.e., GPS
or satellite tags, Mckinnon et al. 2018). Intrinsic markers also provide a potential
solution, specifically using stable carbon isotope ratios (hereafter: §!°C) to estimate
winter habitat quality. Due to stomatal limitation and photosynthetic pathways in
dominant plants, §'3C varies naturally across a wet to dry moisture gradient in tropical
habitats (e.g., Marra et al. 1998; Smith et al. 2010). Birds using these habitats
incorporate 5'°C from the diet into their tissues, and slow growing tissues (i.e., claw
clippings) collected at arrival to the breeding grounds can provide a useful index of past
habitat quality (e.g., Bearhop et al. 2003, Reudink et al. 2009). Thus, we can determine if
physiological state during the post-breeding period impacts subsequent winter habitat use
by combining multiple intrinsic markers ('°C, FGR, and {CORT) collected at one time in
the annual cycle. If events during post-breeding molt impact winter habitat use it could

represent a negative feedback loop on reproductive limits, as winter habitat can
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subsequently impact arrival on the breeding grounds, leading to later fledging dates, and
fewer opportunities for double brooding (Ogden and Stutchbury 1996).

In this study, we aim to expand knowledge of carry-over effects by examining
links between breeding events, molt, and winter habitat, and specifically how they
function in a species of conservation concern, the Prothonotary Warbler (Protonotaria
citrea). First, we explore the relationship between energetic effort and time investment
during breeding to determine if they impact nutritional condition (i.e., FGR) and stress
(i.e., {CORT) during the post-breeding molt. We predict that late breeders will have
lower FGR, due to the higher nutritional demands of overlapping breeding and molt, and
higher {CORT due to increased stress from breeding activities and migratory preparation,
which adaptively increases {CORT (Lohmus et al 2003). Second, we test whether FGR
and (CORT impact feather quality (i.e., feather area density) and predict that high (CORT
and a fast FGR will produce lower quality feathers. Third, we test whether FGR, {CORT,
and feather quality impact winter habitat use (measured through §'*C) during the spring
pre-migratory period. We predict that birds with higher {CORT and slower growth rates
will utilize lower quality winter habitat. To test these predictions, we collected feathers
and claws from two groups of Prothonotary Warblers: birds returning to breeding areas
that were monitored for breeding metrics the previous year, and birds occupying multiple

habitats on the wintering grounds in Panama.

Methods

Study species
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The Prothonotary Warbler is a Neotropical migratory songbird that specializes on
forested wetland habitat during both breeding and winter (Petit 1999). During the
breeding season, they occupy swamps, bottomland hardwood forests, and riparian
corridors across the eastern half of North America. They are unique among wood
warblers as they are one of only two species that are secondary cavity nesters and the
only one in eastern North America. They also readily use nest boxes when placed in
acceptable habitat and much of the research on breeding has been on populations using
boxes (e.g., Blem and Blem 1991). Nest initiation date has been shown to correlate with
clutch size and rates of double brooding (producing two sets of offspring in a single
breeding season), with later initiation resulting in smaller clutches and reduced rates of
double brooding (Petit and Petit 1996). Prothonotary Warblers regularly double brood
(Petit 1999), and double brooding in other songbird species has been shown to be a driver
of lifetime reproductive success (Gillis et al. 2008), as well as annual reproductive output
(Nagy and Holmes 2005).

At the end of the breeding season, adult Prothonotary Warblers undergo a
complete prebasic molt, replacing all flight (i.e., wing, tail) and body feathers (Pyle
1997). During the late winter months, before spring migration, they also complete a
partial prealternate molt which includes only some body feathers (Chapter 2). Since they
retain their flight feathers across the full annual cycle, we can collect feathers from
known individuals returning to the breeding grounds and relate intrinsic markers to
reproduction and molt in the previous season. Prothonotary Warblers depart the breeding

grounds in late July through late August, depending on breeding location, and arrive on
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the stationary non-breeding grounds in late September to late October (Tonra et al. 2019).
During this period, they utilize a range of wet forest habitats as well as alternative
habitats such as upland broadleaf forests, city parks and gardens. They are most
abundant in mangroves — one of the rarest and most endangered forest types globally
(Sandilyan and Kathiresan 2012) — and inland freshwater wetlands in Colombia (Bulluck
etal. 2019). §'3C signatures from these habitats can be used to approximate general
habitat type and quality (see Chapter 3). Due to recent population declines, likely caused
by extensive loss and degradation of both breeding and wintering habitat, the
Prothonotary Warbler is a species of concern both nationally and in many states,
including Ohio (<ohiodnr.gov>). Given the threats to Prothonotary Warbler populations
on both wintering and breeding grounds, it is critical that a full annual cycle approach be

taken to their conservation and management.

Field data collection

From 2016-2019, we studied the Prothonotary Warbler population at the Hoover
Nature Preserve, which consists of 925 acres of forested wetland surrounding the Hoover
Reservoir, Galena, OH (40.1990° N, 82.8852° W; for more details on the field site see
Chapter 3). Early every spring, before Prothonotary Warblers arrived, we conducted
arrival surveys (two-day intervals) by walking pre-established transects and identifying
individuals using visual and auditory cues. We identified all previously captured
individuals with color bands and for new individuals we used unique external features to

identify them until capture. We were not able to accurately determine arrival dates for
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most females as they often visit multiple territories before settling. We attempted to
capture all birds as soon as possible after detection using conspecific playback and mist
nets. Females were less responsive to target netting so often were not captured until
incubation began and they could be captured off the nest. Each newly captured bird
received a unique combination of three plastic color bands and a USGS aluminum band.
For both new captures and recaptures, we recorded sex, age (older = feathers grown at the
end of second or later breeding season, younger = feathers grown at the end of their first
breeding season), mass (+ 0.01g), wing (+£0.1mm), tail (+0.1mm), and tarsus (+0.1mm).
We collected the right outer most rectrix (6™ tail feather) because growth bars appeared
more visible on this feather and other studies have struggled to visualize growth bars on
other warbler species (Ruhs et al. 2019). We avoided collecting adventitiously replaced
feathers (i.e., flight feathers replaced between post-breeding molt and spring arrival) by
checking that feathers did not appear fresher or less worn than other rectrices.
Additionally, we collected claw clippings (~2mm from each central toenail) for §'3C
analysis from each male with a known arrival date. We only used samples collected
within 7 days of an individual’s arrival to reduce the likelihood that samples contained
signatures from migration or the breeding grounds (Reudink et al. 2009, Tonra et al.
2011).

We monitored breeding effort and time investment for each individual following
their arrival to the breeding site. We used systematic searching and adult behavior to
locate both natural cavity and artificial box nests. We checked nests regularly (every 2-5

days) to determine first egg date, number of eggs, nestlings, and fledglings, and date of
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fledging using a handheld nest camera (Explorer Premium, model 8803AL) mounted on a
pole (for nests over 3 meters). We monitored each territory for subsequent nest attempts
after fledging or failure. Since females often switched mates after a failed attempt or
occasionally after successfully fledging a first brood, we followed each individual to
determine their final breeding status (i.e., completion date and total fledged for breeding
season).

We considered breeding parameters that represented either an energy or time
investment. We considered total number of eggs, eggs laid per nest attempt, total number
of nestlings, nestlings per attempt, and total number fledged for the season to be estimates
of energy investment during the breeding season. To estimate time invested in
reproduction, we used date of breeding completion (i.e., failure or fledge date of last nest
attempt), arrival date to completion date (males only), and first egg date to completion
date (females only). All dates were expressed as ordinal dates. Due to extenuating
circumstances (e.g., floods, nests on private property) and high predation rates, we were
not able to collect all breeding parameters for each individual. When this occurred, we
only included parameters that were complete for that individual. For example, a female
with accurate first egg and completion dates but an attempt with an unknown egg count
(due to predation) would not be included in the total eggs or eggs per attempt models but
in all the other models. At the end of the 2019 breeding season, we documented the
degree of molt for adults still present at the study sites by systematically searching
territories and conducting playback. When birds were located, we documented the

progression of molt through high resolution photographs, intensive visual observation, or
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both; however, since we did not capture all of them the molt scores we assigned are
estimates. Molt of body feathers was recorded on a scale from 0-4 (0= no molt visible,
1=>0< %5 feathers in molt, 2=>5< 20% feathers in multiple feather tracts, 3=
>20%<50% feathers in multiple feather tracts, 4=>50% from many tracts), however this
measure only estimated visible molt so molt may have been higher in some areas where
molt is less visible. Wing and tail molt were also recorded on a scale of 0-4 (0= no molt
visible, 1= ~1 feather in molt, 2= 2-3 feathers in active molt, 3= 4-5 feathers in active
molt, 4=>5 feathers in active molt and less than halfway grown with large gap visible or
no tail present). Unfortunately, due to the global pandemic in 2020 were not able to
collect feathers from returning birds to explore how molt intensity or timing impacted
FGR or {CORT.

In addition to collecting samples on the breeding grounds, we also captured
Prothonotary Warblers at five sites along the Panama Canal Region, Panama from
December 2016 to February 2017 (see Chapter 2 for a full description of each habitat).
We used mist nets to passively and actively (using distress calls and chips) capture
Prothonotary Warblers and collected claw and feather samples as described above. These
samples were used along with breeding samples to explore the relationship between
{CORT, FGR, feather density, and winter habitat (i.e., §!°C). Since breeding data was
unknown for these individuals, they were not included in any of the models that

investigated the impact of breeding on {CORT or FGR.

Feather growth rate and area density
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In order to determine the impact of breeding on FGR, we used feathers from
returning individuals with breeding history from the previous season. We calculated
FGR by attaching each feather to black card stock with a small amount of mounting putty
attached to the calamus. A set of feathers were then placed feather side down on a
scanner (HP ENVY 4500 Series) with a small square of grid paper or flat ruler for scale
and scanned (gray scale, 300dpi, low compression). FGR was calculated by measuring a
segment containing 2-5 growth bars using the program ImageJ (Schneider et al. 2012,
Ruhs et al. 2019) and then dividing by the number of growth bars within the segment
(Ptilochronology; Grubb 2006). Thus, FGR represents average daily feather growth
(0.01mm) and higher values can be interpreted as having been grown faster. Although
measuring a greater number of growth bars may represent a more complete understanding
of an individual’s condition during feather replacement, we limited the number of growth
bars measured to 2-5 as this was the number visible on most individuals and represented
approximately one third of feather growth (Results). Additionally, the area of each
feather was calculated in ImageJ by tracing the feather outline with the polygon tool
(cm?). Feather area density (hereafter: density) was then calculated by dividing the mass
(£0.01mg) by the area (£0.001cm?) and is reported as mg/cm?. To reduce bias, all

samples were measured by the same observer (E. Ames).

Corticosterone analysis
We measured {CORT using a methanol-based extraction, modified from Bortolotti

et al. (2008), and a commercial ELISA kit (Corticosterone ELISA kit; Neogen
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Corporation, Ayr, UK) as validated by Carbajal et al. (2014). For each feather, we
recorded the mass (+0.001mg) and length (+0.1mm) before removing the distal portion of
the calamus, mincing the feather, and storing in a glass vial for methanol extraction. The
methanol extraction was achieved by incubating the minced feather in methanol
overnight, vacuum filtration, and evaporating under N> gas. Samples were then
reconstituted following the Corticosterone ELISA kit directions. Assay recovery was
assessed by adding 20uL of tritium-labeled CORT to each sample. Across all assays,
extraction efficiency was >92%. Inter-assay variation based on the coefficient of
variation (%CV) of relative binding of kit standards was 9.1% and intra-assay variation

based on the average %CV between the duplicate unknown samples was 4.1%.

Stable carbon isotope analysis

Breeding and winter claw samples were prepared for analysis at the Tonra Lab for
Avian Ecology at The Ohio State University. Samples were washed with 2ml of 2:1
chloroform to methanol for 2 hours to remove superficial contaminants and allowed to
dry for 48 hours. We then recorded the mass (+0.0001mg) and packed each sample into
tin capsules. We used a Thermo Delta V Advantage mass spectrometer in continuous
flow mode coupled to an Elementar vario ISOTOPE Cube Elemental Analyzer via a
Thermo Conflo IV located at the Smithsonian MCI Stable Isotope Mass Spectrometry
Lab to analyze all samples, and calculations were performed in Isodat 3.0 software. All
runs included a set of reference materials (i.e., include Costech Acetanilide [calibrated to

USGS40 (L-glutamic acid) and USGS41 (L-glutamic acid)] and USGS66 (glycine)) for
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every 10-12 samples and reproducibility of reference materials was £0.2%o. Carbon
isotope ratios (*C/!2C) are reported in delta (8) notation in per-mil units (%o) as deviation

from the Vienna Peedee belemnite standard.

Statistical analysis

We assessed the impact of breeding effort and time investment on FGR and
fCORT in program R (v 4.0.3, R Core Team 2020) using linear mixed-effects models
(males) built in the “nlme” package (Pinheiro et al. 2015) and linear fixed-effects models
(females) built using the “Im” function. We log transformed fCORT for females in the
breeding models to meet normality assumptions but not females in the broader models or
males as they fit normality assumptions without transformation. We included a random
intercept in each male model to account for individuals that were sampled more than once
across years. We did not include a random intercept for individual in the female models
as only 2 females were sampled in more than one year causing convergence failure when
year was included. For each model, we started with a full model that included: the
explanatory breeding variable of interest (Figure 7), year, age, and a three-way
interaction term. We removed non-significant predictors (P> 0.10) in a stepwise fashion
(excluding the variable of interest) starting with the least significant interaction terms.
We included age in our breeding effort and investment models as inexperienced
Prothonotary Warblers (i.e., those in their first breeding season) often have fewer
attempts and reduced breeding effort (E. Ames unpublished data) and are undergoing

their first pre-basic molt. For models with a significant interaction, we performed a post-
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hoc analysis using the “emtrends” function in the “emeans” package to determine if the
slope of the variable of interest was significantly different from zero at each level of the

interaction (e.g., male or female) and reported confidence intervals for each level.

Results

We collected feathers from 41 males (30 older, 11 younger) and 19 females (12
older, 7 younger) with known breeding history the previous year. We measured FGR on
136 males and 110 females (with or without previous breeding histories). Growth bars
were visible across the whole feather for 11 males (mean # of bars = 14.27+ 0.33) and 13
females (15.38+ 0.36). During late July and early August of 2019, we located 33.3% of
color-banded males (11/29 older and 2/10 younger) still on or near (within 300m) their
breeding territories and 12.0% of color-banded females (2/18 older and 1/7 younger).
Simultaneous rectrix molt, where the whole tail was missing or growing simultaneously,

was observed in 38% of remaining males (5/13) and no females (0/3).

Breeding energetic effort and feather growth rate

FGR did not vary between younger (mean= 2.72) and older (mean= 2.66) males
(=-1.06, df=25, 95% CI= -0.18-0.06, P= 0.30) or between younger (mean= 2.53) and
older (mean= 2.48) females (= -0.46, df=20, 95% CI= -0.26-0.17, P= 0.65), however it
was lower for females (mean= 2.50) compared to males (mean= 2.67; = -2.90, df=37,

95% CI= 0.05-0.29, P= 0.006).
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The number of eggs produced during the breeding season did not correlate with
FGR in females or males and FGR varied by year in males (Table 6). FGR also varied
between years for males and did not show a relationship with number of eggs produced
per attempt (Table 6). However, females who produced more eggs per nest attempt had
slower growth, with younger females showing faster growth than older females and
growth varying by year (Table 6). The number of nestlings produced did not relate to
FGR in males and feather growth varied by year (Table 6). However, in females,
producing more nestlings correlated with slower growth. In males, FGR showed no
relationship with number of nestlings produced per attempt and FGR varied by year
(Table 6). The relationship between nestlings per attempt and FGR in females depended
on year (Table 6). In post-hoc analysis, FGR and number of nestlings per attempt had a
negative relationship in 2016 (B=-0.08, SE= 0.03, 95% CI=-0.1431- -0.0145) and non-
significant relationships in the other two years (2017: = -0.07, SE= 0.05, 95% CI= -
0.18- 0.04; 2018: = 0.09, SE= 0.04, 95% CI= -0.01- 0.18), suggesting that in 2016 only,
producing more nestlings resulted in slower feather growth. The total number of young
fledged was not related to FGR in females or males and FGR varied by year in males

(Table 6).

Breeding time investment and feather growth rate
For males, the relationship between breeding completion date and FGR varied
with year (Table 6). Late breeding males grew their feathers faster in 2017 (= 0.006,

SE=0.002, 95% CI= 0.002- 0.01) and there was no relationship in 2018 (f=-0.0008,
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SE=0.002, 95% CI=-0.007-0.005). FGR was not correlated with completion date in
females (Table 6). Similar to completion date, for males FGR and the amount of time
between arrival and breeding completion was dependent on year (Table 6), and only 2017
showed a significantly positive relationship (2017: = 0.008, SE= 0.002, 95% CI= 0.004-
0.01; 2018: p=0.0001, SE= 0.002, 95% CI= -0.005- 0.006). The time between first egg
date and completion date for females was negatively correlated with FGR (Table 6),
suggesting that the more time a female devotes to breeding the slower they grow their
feathers during the post-breeding molt. However, this relationship is based on a small

number of females so caution should be used in interpreting these results.

Breeding energetic effort and feather CORT

fCORT did not vary by male age (young mean= 6.45, old mean= 5.76; = -1.27,
df=22, P=0.22) or female age (young mean= 6.93, old mean= 7.45; = 0.42, df=19, P=
0.68). The number of eggs produced across the breeding season showed no relationship
with feather CORT for males or females and CORT varied between years for females
(Table 7). In both males and females, the number of eggs produced per nest attempt did
not correlate with {CORT and females showed higher {CORT in both 2017 and 2018
compared to 2016 (Table 7). The relationship between {CORT during the post-breeding
molt and number of nestlings differed between year in males (Table 7), where 2016 (B= -
0.21, SE=0.12, 95% CI= -0.46- 0.04) and 2018 (B= 0.04, SE= 0.20, 95% CI= -0.39-
0.46) showed no relationship, and in 2017 (= 0.41, SE= 0.18, 95% CI= 0.03- 0.79)

males that produced more nestlings throughout the breeding season had higher {CORT
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during post-breeding molt. For females, the relationship between {CORT and the number
of nestlings produced was not significant and {CORT varied between years. Similarly,
the correlation between {CORT and number of nestlings per attempt was dependent on
year for males (Table 7) with only 2017 (B= 0.60, SE=0.23, 95% CI=0.11- 1.09)
showing increased fCORT in males that produced more nestlings per attempt (2016: = -
0.06, SE=0.20, 95% CI=-0.49- 0.38; 2018: = 0.13, SE=0.30, 95% CI=-0.49- 0.77).
The number of nestlings per attempt did not predict (CORT for females and {CORT
varied by year (Table 7). For males, the relationship between number fledged and
f{CORT, like number of nestlings and nestlings per attempt, was dependent on year (Table
7) where only 2017 showed a positive relationship (B= 0.45, SE=0.17, 95% CI= 0.08-
0.81) and the other two years showed no relationship (2016: B=-0.02, SE= 0.16, 95%
CI=-0.36- 0.31; 2018: B=0.21, SE=0.20, 95% CI=-0.21- 0.63). {CORT and number

fledged were not correlated in females and varied between year.

Breeding time investment and (CORT

For males, the relationship between {CORT and completion date depended on
year, with only 2016 having a negative relationship (2016: f=-0.07, SE= 0.02, 95% CI=
-0.13--0.02; 2017: p= 0.02, SE= 0.02, 95% CI=-0.03- 0.06; 2018: B=0.01, SE= 0.03,
95% CI=-0.06- 0.07; Table 7). In females, the relationship between {CORT and
completion date was dependent on age and {CORT varied by year (Table 7). Older

females that finished breeding earlier had higher {CORT (B=-0.02, SE= 0.007, 95% CI= -

84



0.03- -0.005) and younger females did not show a significant relationship (= 0.002, SE=
0.008, 95% CI=-0.02- 0.02).

The relationship between {CORT and the time from arrival to completion date in
males was dependent on year where only 2016 showed a negative relationship (2016: p=
-0.07, SE=0.03, 95% CI=-0.13- -0.02; 2017: = 0.04, SE= 0.02, 95% CI=-0.02- 0.09;
2018: B=0.02, SE=0.03, 95% CI= -0.05- 0.09; Table 7). For females, the relationship
between first egg date to completion date and fCORT depended on female age and
fCORT varied by year (Table 7). In this case, only older females showed a significant
relationship between first egg date to completion date and {CORT (Old: = -0.02, SE=
0.008, 95% CI=-0.03- 0.0007; young: = 0.01, SE=0.01, 95% CI=-0.01- 0.03), where

older females that ended breeding early had higher {CORT than late breeders.

Feather growth rate, density, and winter habitat
FGR negatively predicted feather density (i.e., fast grown feathers were less
dense) with males having more dense feathers than females, however FGR did not predict

winter habitat §'3C (Table 8).

JCORT, feather density and winter habitat

The relationship between {CORT and density differed between sexes and varied
by year, where females showed a non-significant relationship that trended positive, and
males had a significant negative relationship (Table 8). Birds with higher {CORT

wintered in habitats with more enriched (i.e., positive) §!°C (e.g., black or white
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mangrove) with 2017 and 2018 generally showing more negative §'C compared to 2016

and 2019 (Table 8).

Discussion

Identifying carry-over effects is fundamental to understanding seasonal variation
in mortality and limits on breeding output, and in turn developing effective conservation
strategies for migratory populations. Although progress has been made in understanding
winter to breeding carry-over effects in songbirds, we still lack a clear understanding of
carry-over effects from breeding to nonbreeding, especially for small migratory
songbirds. In this study, we examined links between breeding events, molt, and winter
habitat utilization in a breeding and wintering population of Prothonotary Warblers. We
found evidence breeding events correlate with post-breeding stress (i.e., {CORT) and
nutritional condition (i.e., FGR), suggesting that breeding can carry-over to the post-
breeding period. Additionally, we found that an individual’s nutritional condition during
post breeding molt predicts future feather quality (i.e., density) and stress levels during
molt correlate with future winter habitat use. These results suggest that events during
breeding (i.e., effort or investment) can carry-over to the molt and winter stages in the
Prothonotary Warbler. However, we found considerable variation in relationships
between years, sexes, and, in some cases, age. This highlights the need for further
investigation into the underlying mechanisms causing this variation.

Males
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For male Prothonotary Warblers, we did not find evidence that breeding effort
(i.e., numbers of eggs, nestlings, or young fledged) influenced FGR during post-breeding
molt. However, time investment correlated with FGR, where late breeding males grew
feathers faster. This relationship was only observed in 2017 and did not fit our prediction
that late breeding males would grow their feathers slower due to increased nutritional
demands from overlapping breeding and molting. This suggests that annual variation,
such as environmental conditions on the breeding grounds or survival during the non-
breeding period, can either mitigate, exacerbate, or obscure the consequences of late
breeding on FGR. Although we predicted late breeders would overlap breeding and molt,
we did not directly document an overlap between the two (but see 2019 molt results).
Rather than overlapping the two stages, the majority of male Prothonotary Warblers may
delay molt or abandon breeding effort. The speed of molt, which is controlled by FGR
and intensity (i.e., number of feathers molting at once) can be correlated with
photoperiod, where molt speed increases as photoperiod decreases (Dawson et al. 2000).
However, this relationship may be based largely on intensity rather than FGR (Rohwer
and Rohwer 2013). Additionally, Mumme et al. (2021) found evidence that shorter
photoperiod was associated with slower molt speed in 13 Parulid warblers and suggested
this is related to resource availability, however they did not separate the effect of FGR
and intensity. Given that photoperiod would not account for the variability between years
and that Parulid warblers show slower speed later in the seasons, it is unlikely that it
explains our highly variable results. It is possible that individual male quality could drive

higher FGR in Prothonotary Warblers, as higher quality males have more breeding
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opportunities and acquire wetter (i.e., higher quality) territories with more abundant or
consistent resources (Petit and Petit 1996, Blem and Blem 2013, Bulluck et al. 2017).
Given this unexplained variability, it seems likely that individual male quality or
environmental conditions (see below for further discussion) could be driving these
relationships and warrant further investigation.

Similar to other studies (i.e., de la Hera et al. 2009, Vagasi et al. 2012) and as
predicted, we found that faster FGR correlated with less dense feathers for male
Prothonotary Warblers. Given that breeding events can impact FGR, at least in some
years, and that FGR reduces feather quality, it appears likely that carry-over effects from
breeding could impact later stages of the annual cycle in Prothonotary Warblers.
However, it is unclear how these carry-over effects would manifest, given that we did not
observe a correlation with winter habitat use. Less dense feathers may degrade more
quickly from normal wear (Mgller and Neilsen 2018) and reduce flight performance
(Echeverry-Galvis an Hau 2013), however consequences from reduced density may not
be apparent until feathers have aged and worn considerably. If this is the case, non-lethal
carry-over effects from FGR may not be evident until spring migration (i.e., speed of
migration) or breeding (i.e., mate acquisition) which we did not quantify in this study.
Annual variation in weather conditions during both post-breeding molt and winter, which
can drive events such as molt-migration (Pageau et al. 2020), may influence these
relationships through abundance of resources or foraging efficiency. The post-breeding
period in July 2017 was unseasonably stormy and had almost double the total rainfall of

2018, yet August 2018 was wetter than August 2017. Thus, rainfall dependent food
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availability (Newton 1998) or available habitat (i.e., flooding) during the post-breeding
molt may have produced some of the annual variation observed in our study.

We found support for our prediction that males who invest more effort in
breeding would show higher {CORT, similar to other studies of breeding effort and
CORT (Done et al. 2011, Crossin et al. 2013). However, similar to FGR and breeding
investment, this relationship was only apparent in 2017, suggesting that environmental
conditions that year or individual quality, potentially in conjunction with environmental
conditions, may have influenced stress and nutritional condition. Other studies have
documented relationships between CORT and environmental conditions, such as habitat
quality (i.e., moisture, Marra and Holberton 1998), noise pollution (e.g., Kleist et al.
2018), high temperatures (Newberry and Swanson 2018) and disease outbreaks (Harms et
al. 2015). However, responses to environmental conditions may not always be detectable
especially when conditions don’t elevate stress levels above normal operating levels
(Madliger et al. 2015), potentially explaining why we only detected a relationship in a
year with extreme weather conditions. We also found evidence that time investment in
breeding impacts {CORT, however it was in the opposite direction as predicted, where
breeding late correlated with reduced fCORT and was only observed in 2016.
Unfortunately, we do not have FGR for 2016 and thus cannot make comparisons with
fCORT, but compared to 2017, weather conditions in 2016 were relatively mild with a
wetter August. This highlights the context-dependent nature of {CORT (Aharon-Rotman
et al. 2017) and suggests that further investigation is needed to understand drivers of

these relationships. Similar to FGR, increased {CORT correlated with reduced feather
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density, supporting the idea that there are trade-offs between elevated {CORT and feather
quality (DesRochers et al. 2009, Lattin et al. 2011). The potential consequences of
decreased feather quality from high {CORT would likely manifest similarly to those of
FGR described above, where events such as winter survival or migratory speed might be
impacted. Finally, as predicted, we found that {CORT was positively related to 8'*C from
the wintering grounds, where males with higher {CORT wintered in habitats with more
enriched 8'°C (i.e., black or white mangrove, Chapter 3). However, given our findings in
Chapter 3, that winter 3'*C does not always follow a clear quality gradient in
Prothonotary Warblers, interpreting this relationship may not be straightforward.
Interestingly, the relationship between {CORT and winter habitat did not vary between
year like it did for arrival date and habitat (Chapter 3), suggesting that in some years (i.e.,
low precipitation) having higher fCORT may be beneficial in relation to wintering

location.

Females

For females, greater breeding effort (i.e., number of eggs per attempt, nestlings,
and nestlings per attempt) correlated with slower FGR, as predicted, but only in 2016. In
addition, length of breeding investment (i.e., first egg date to completion date but not
completion date) of females was correlated with slower FGR in both years. Combined,
these results support our prediction that the more effort and time a female devotes to
breeding the slower they grow their feathers during the post-breeding molt. Breeding is

especially nutritionally demanding for females (Perrins 1970), particularly in species like
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the Prothonotary Warblers where they not only produce eggs but also incubate and brood
young. Additionally, the cost of egg production and incubation in females has been
shown to have future reproduction and fitness costs (Newton 1998), such as survival
(Visser and Lesserlls 2001). Females may be less likely to abandon young compared to
males, more likely to delay molt in favor of breeding, initiate molt later (E. Ames
unpublished data for Prothonotary Warblers), and have longer molt duration for some
species (e.g., Hooded Warbler; Ogden and Stutchbury 1996, Mumme 2018). Slow FGR
correlated with denser feathers for both male and female Prothonotary Warblers, however
females had less dense feathers in general compared to males. Given our observed lower
feather density in females compared to males and that females of some species take
longer to molt (Mumme 2018), this could suggest that a slower FGR is an adaptive
response to preserve feather integrity across the annual cycle. However, this relationship
needs further clarification. Similar to males, FGR did not correlate with winter habitat
for females, however female §'C samples were only collected on the wintering grounds.
Given our small samples sizes for females and annual variation, further research into the
nature of these relationships is warranted before they can be applied in a conservation or
management context.

Contrary to our predictions, we found no evidence that breeding effort in females
impacted fCORT. However, 2017 had higher levels of fCORT in general. This provides
further support to the idea that conditions during the 2017 breeding or post-breeding
periods affected fCORT relationships in males (see above) and suggests that

environmental conditions can act on populations as a whole to contribute to annual
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differences in stress (Romero et al. 2000. However, although females showed higher
fCORT in 2017, we had very few samples that year, suggesting either return rates (due to
survival or dispersal) were low or that our sampling was biased between years. Further
investigation into overall return rate (i.e., not just recaptured females) to account for over-
winter mortality could help clarify this relationship to determine the role of
environmental conditions. Younger Prothonotary Warbler females have shorter breeding
seasons and double brood less frequently than older females (Bulluck et al. 2013, E.
Ames unpublished data). This could potentially explain why we found that time
investment in breeding correlated with {CORT for older but not younger females, where
older females that bred late had lower {CORT. This contrasts with our results for late
breeding males; however, CORT has been shown to be context-dependent (i.e., age, sex,
and population; Aharon-Rotman et al. 2017, Madliger et al. 2015, Madliger et al. 2018)
and can vary based on differences in life history timing, as males of some species molt
earlier than females (e.g., Hooded Warbler, Mumme 2018). {CORT did not impact
feather density in females, unlike males who showed reduced density in feathers with
higher {CORT. Similar to males, females with lower {CORT used areas that were more
depleted in §'3C during the winter period, however 8'*C for females was limited to winter
grounds samples as arrival date and early capture on arrival to the breeding grounds is

difficult for female Prothonotary Warblers in our population.

Conclusions
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In addition to non-lethal effects, higher reproduction or feather quality could
result in carry-over effects onto survival probability in subsequent seasons (Verhulst
1995, Nilsson and Svensson 1996, Harms et al. 2015). Given our methodology (i.e., only
collecting feathers from returned individuals), we did not measure lethal effects, for
example during fall migration, winter, or spring migration. Thus, it is possible we failed
to detect the full magnitude of carry-over effects from breeding or that they were
obscured by seasonal mortality. For instance, migration is known to have the highest
mortality during the annual cycle for many species (Sillett and Holmes 2002, Rushing et
al. 2017, Ward et al. 2018), and feather quality can impact flight performance
(Echeverry-Galvis and Hau 2013) This suggests that birds with reduced feather quality
may be less likely to survive challenging conditions on migration. Additionally, feather
quality may impact foraging efficiency (Matyjasiak et al. 2018) and predation avoidance
(Swaddle et al. 1999, Moller and Neilsen 2018), potentially affecting over-winter survival
or causing delays to spring arrival on the breeding grounds due to migration timing or
speed (Stutchbury et al. 2011), which has been shown to correlate with breeding
outcomes (Chapter 3). More in situ studies that relate feather quality to winter
survivorship and migration parameters could help clarify these relationships and further
our understanding of how breeding carry-over effects impact subsequent seasons.

Trade-offs between reproduction, molt, and migration can be costly for migratory
songbirds and lead to carry-over effects in subsequent stages of the annual cycle (Newton
2007, Marra et al. 2015). We set out to explore these relationships and specifically how

they impact the Prothonotary Warbler, a species of conservation concern. Overall, we
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found that breeding events correlated with FGR and {CORT, that FGR and {CORT predict
feather quality, and that fCORT predicts future winter habitat quality. However, these
relationships varied between years, sexes, and in some cases age, and may be impacted
by environmental conditions and/or individual quality, similar to other studies (Madliger
et al. 2015, Harris et al. 2016, Madliger and Love, 2016, Romero and Fairhurst, Imlay et
al. 2019).  Further research into these relationships that document frequency of
breeding-molt overlap, molt timing, and the consequences for migration and winter

survival could help broaden our understanding of these carry-over effects.
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Figure 7 Analysis framework for examining carry-over effects from breeding effort and
investment to feather quality and winter habitat, measured through stable carbon isotopes
(813C), for male and female Prothonotary Warblers in Ohio during 2016-2019. Black
(positive) and red (negative) arrows depict a significant relationship from mixed model
(see methods for more details). For models where only one year, sex, or age class were
significant, the significant year or class is denoted above the line. Green boxes denote
breeding grounds data and blue boxes wintering grounds data.
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Table 6 Final mixed effects (males) and linear (females) models for breeding parameters
predicting feather growth rate (FGR) in Prothonotary Warblers breeding in central Ohio

from 2016-2019. Bolded variables represent the main explanatory variable of interest

and “Var x” before another variable represents an interaction with the variable of interest.

Males Females
Model group Explanatory variables Estimate SE t P n  Estimate SE t P df R’
FGR by breeding energetic effort
Intercept 2.490 0.07 33.90 <0.001 39 2.660 0.10 26.65 <0.001 15 0.05
No. of eggs produced 0.020 0.01 2.07 0.070 -0.008 0.01 -0.87 0.400
Yeary)g 0.140 0.05 293 0.017
Intercept 2.570 0.11 23.14 <0.001 38 3.170 0.18 17.86 <0.001 12 0.6
No. of eggs per attempt 0.010 0.02 049 0.640 -0.160 0.04 -3.8 0.003
Ageyoung 0.160 0.06 2.44 0.031
Yeary; 0.160 0.08 1.95 0.075
Yearsg g 0.120 0.05 2.16 0.060 0.060 0.07 0.94 0370
Intercept 2.570 0.06 43.02 <0.001 39 2.730 0.08 32.35 <0.001 16 0.24
No. of nestlings produced 0.020 0.01 1.27 0.230 -0.040 0.02 227 0.038
Yearyg 0.130 0.05 2.51 0.030
Intercept 2.620 0.06 44.57 <0.001 38 2.740 0.09 30.8 <0.001 12 0.54
No. of nestlings per attempt  0.002 0.02 0.13 0.900 -0.080 0.03 -2.67 0.020
Yeary; 0.070 0.17 0.42 0.680
Yearyg 0.120 0.06 2.05 0.070 -0.440 0.16 -2.74 0.018
Var x Yearyg; 0.010 0.06 0.19 0.850
Var x Yearyg 0.160 0.05 3.12 0.009
Intercept 2.620 0.05 52.50 <0.001 40 2.640 0.07 36.55 <0.001 16 0.11
No. of young fledged 0.002 0.01 0.19 0.850 -0.030 0.02 -1.39 0.180
Yearyg 0.110 0.05 2.12 0.060
FGR by breeding time investment
Intercept 1.560 0.29 5.35 <0.001 36 3.580 0.55 6.49 <0.001 16 0.18
Breeding completion date 0.006 0.002 3.73 0.010 -0.005 0.003 -1.85 0.080
Yearz()lg 1.350 0.45 297 0.025
Var x Year,gg -0.007 0.002 -2.64 0.039
Intercept 2.150 0.10 21.06 <0.001 35 2770 0.11 2491 <0.001 15 0.24
Total breeding time* 0.008 0.002 4.95 0.003 -0.005 0.002 -2.19 0.045
Yearyg 0.590 0.13 449 0.004
Var x Yeary g -0.008 0.002 -3.15 0.020

* Total breeding time for males = arrival date to completion date; for females = first egg date to completion date, where completion date is fledge

or fail date of last nest attempt
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Table 7 Final mixed effects (males) and linear (females) models for breeding parameters
predicting feather corticosterone (fCORT) in Prothonotary Warblers breeding in central
Ohio from 2016-2019. Bolded variables represent the main explanatory variable of
interest and “Var x” before another variable represents an interaction with the variable of
interest.
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Males Females

Model group Explanatory variables Estimate SE t P n_ Estimate SE t P df R

{CORT by breeding energetic effort

Intercept 6.61 0.61 10.84 <0.001 49 193 026 7.47 <0.001 15 0.39
No. of eggs produced -0.08 0.07 -1.17 0.260 -0.02 0.02 -0.67 0.510

Yearyy 7 0.65 024 276 0.015

Yearyyg 0.07 020 036 0.720

Intercept 4.17 097 431 <0.001 49 1.27 049 262 0.019 15 042
No. of eggs per attempt 043 0.21 2.02 0.057 0.11  0.11 1.05 0.310

Yearyy; 0.67 023 298 0.009

Yearyg g 0.12 0.19 0.67 0.510

Intercept 6.83 0.62 10.94 <0.001 49 1.67 0.89 8.81 <0.001 16 0.39
No. of nestlings produced -0.21 0.12 -1.78 0.094 0.02 0.03 0.65 0.520

Yeary7 -246 091 -2.69 0.016 0.71 023 3.14 0.006

Yearyg -0.75 096 -0.78 0.490 0.09 0.18 0.53 0.600

Var x Yearyy; 0.62 020 3.08 0.007

Var x Yearygg 025 -0.24 1.02 0.320

Intercept 6.12 0.60 10.12 <0.001 49 1.61 0.16 10.18 <0.001 16 0.43
No. nestlings per attempt -0.06 020 -0.28 0.780 0.06 0.05 1.30 0.210

Yearyy 7 -1.69 0.84 -2.01 0.062 0.71 022 3.27 0.005

Yearyg g -0.23  0.89 -0.26 0.800 0.07 0.17 0.44 0.660

Var x Yeary; 0.66 0.29 224 0.040

Var x Year,g 0.19 037 0.52 0.610

Intercept 6.03 0.50 12.15 <0.001 49 1.62 0.14 11.63 <0.001 16 0.45
No. of young fledged -0.02 0.16 -0.14 0.890 0.06 0.04 1.53 0.145

Yearyy 7 -1.18 0.67 -1.76 0.097 0.71 021 3.32 0.004

Yearyg -0.34  0.79 -0.44 0.670 -0.04 0.18 -0.21 0.830

Var x Yeary; 047 021 221 0.042

Var x Yearyg 023 025 092 0.370

{CORT by breeding time investment

Intercept 18.84 4.44 425 <0.001 45 545 132 412 0.001 14 0.60
Breeding completion date  -0.07 0.02 -2.93 0.012 -0.02 0.01 -2.80 0.014

Ageyoung -3.96 195 -2.04 0.060

Var x Ageyoung 0.02 0.01 2.03 0.060

Yearyy 7 -15.53  5.66 -2.74 0.012 0.87 020 4.28 <0.001

Yearyy g -13.20 758 -1.74 0.110 -0.04 0.16 -0.23 0.820

Var x Yeary; 0.09 0.03 2.80 0.015

Var x Yearyg -0.08 0.04 1.82 0.092

Intercept 10.14 150 6.74 <0.001 44 252 042 6.03 <0.001 12 0.58
Total breeding time* -0.07 0.03 -2.84 0.015 -0.02  0.01 -2.09 0.058

Ageyoung -1.14  0.55 -2.09 0.058

Var x Ageyoung 0.02 0.01 2.13 0.054

Yearyy 7 -6.22  2.06 -3.02 0.011 095 026 3.70 0.003

Yearyg g -4.51 243 -1.85 0.090 0.07 020 033 0.750

Var x Yearyg; 0.11 0.03 3.24 0.007

Var x Yearyg 0.09 0.04 2.08 0.060

* Total breeding time for males = arrival date to completion date; for females = first egg date to completion date, where completion date is
fledge or fail date of last nest attempt
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Table 8 Final mixed effects models for feather corticosterone ({CORT) or feather growth
rate (FGR) predicting feather density or winter habitat quality (5'3C) in male and female
Prothonotary Warblers breeding from 2016-2019 in central Ohio. Bolded variables
represent the main explanatory variable of interest and “Var x”” before another variable
represents an interaction with the variable of interest.

Response  Explanatory variables Estimate SE t P n

Feather density
Intercept 2.14  0.13 1645 <0.001 157
FGR -0.11  0.05 -2.19 0.035
SeXpale 0.11 0.03 4.04 <0.001
Intercept 1.82 0.06 30.00 <0.001 122
{CORT 0.007 0.007 0.92 0.365
SeXpale 0.27 0.08 348 <0.001
{CORT x Sexppale -0.03  0.01 -240 0.021
Yearyy; -0.08  0.04 -2.33 0.020
Yearyy s 0.04 004 1.02 0.310
Yearyy o 0.01 004 0.27 0.790

Winter habitat (813C)
Intercept -26.25 155 -16.90 <0.001 90
FGR 0.87 059 147 0.160
Intercept -24.19  0.55 -43.85 <0.001 63
{CORT 020 0.06 3.15 0.010
Yearyg 7 -1.28 0.50 -2.56 0.028
Year,gg -1.50  0.50 -3.02 0.013
Year2019 -0.94 0.54 -1.75 0.110
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Chapter 5 Conservation Implication

As a wet forest specialist, the Prothonotary Warbler is particularly vulnerable to
habitat loss and degradation across the annual cycle making it imperative that managers
and conservationists use a full annual cycle approach when developing conservation
strategies for the species (Vargas et al. 2015, Rosenburg et al. 2016, Vancutsem et al.
2020). This dissertation provides evidence for carry-over effects from winter habitat to
breeding and from breeding to molt and winter habitat. This suggests that in order to
conserve the Prothonotary Warbler, we need to actively consider processes and events
across the annual cycle in decision making and planning (Marra et al. 2015; Rosenberg et
al. 2016). This may be challenging as breeding, migration (i.e., stopover sites), and
winter areas span multiple states and countries, all with different conservation priorities
and socio-economic considerations. However, through range-wide collaborative efforts,
such as the Prothonotary Warbler Working Group and others, we can begin to bridge
geographic divides to conserve this species and other wet habitat specialists that rely on
the same habitats.

Winter habitat quality can be a limiting factor in breeding success of Prothonotary
Warblers, especially during hot dry winter conditions (Chapter 3). Given this finding, it
is critical that conservation strategies incorporate preservation of winter habitat. In areas

where climate models predict decreased rainfall and increased temperatures, such as
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along the northern Colombian coast (Neelin et al. 2006), preserving undisturbed mature
mangroves with high Prothonotary Warbler concentrations may provide the most benefit
per conservation dollar. In areas that are projected to experience more variable weather
(i.e., increased storm frequency and intensity) preserving freshwater wetlands and moist
lowland forests with modest densities in addition to mangroves could also benefit the
species as birds utilizing them in extreme wet years may perform better. My research and
that of others have demonstrated individual variation in responses to annual fluctuations
in winter conditions in songbirds around Spring migration (Chapter 3, Studds and Marra
2011). Therefore, further long-term research into winter habitat dynamics is necessary in
this guild to identify the role of annual variation in full annual cycle population
dynamics.

Carry-over effects from breeding to molt and winter habitat use may also play a
role in limiting populations, however more research is needed to further clarify these
relationships and the contexts in which they may be most impactful on the species. For
example, we found that high breeding effort or investment in male Prothonotary Warblers
may have consequences for feather quality and winter habitat in some years (Chapter 4),
which in turn can impact spring arrival in subsequent years (Chapter 3). However, these
consequences may be mediated by environmental conditions on the breeding or wintering
grounds. Environmental conditions on the breeding grounds can impact molt strategies
(Pageau et al. 2020), presumably by limiting resources for molt. Therefore, intensive
breeding followed by poor weather conditions (e.g., storms or drought) during post-

breeding could result in individuals occupying black or white mangroves on the wintering
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grounds. During hot, dry winters those habitats, potentially through stability of
resources, may increase the probability of arriving early to the breeding grounds,
however in moist, cool winters those habitats may delay arrival (Chapter 3). Females
with more intense breeding effort may not experience reductions in feather quality,
however they may settle in lower quality winter areas in winters with moist, cool
conditions. Thus, the consequences of breeding effort likely depend on conditions across
the annual cycle and vary between male and female Prothonotary Warblers, making it
critical that we further research these connections to determine if conservation action
during the post-breeding period is of high priority.

Managers on the breeding grounds can attempt to mitigate negative carry-over
effects from winter conditions (i.e., late arrival to the breeding grounds) by maximizing
breeding success and habitat quality. For Prothonotary Warblers, and other cavity
nesting species, nest boxes can increase reproduction through reduction in predation and
parasitism, and if nest sites are limited boxes can increase breeding densities. Reducing
predation with boxes could help mitigate the cascading impact of late arrival on breeding
phenology by increasing fledging success in early breeders and providing more
opportunities to produce a second brood. However, when box programs are not properly
designed or monitored, they can have negative consequences for populations, such as
high nest predation (Chapter 3, Bailey and Bonter 2017). For example, at our central
Ohio sites boxes, deployed by a local citizen, are mounted on trees with out devices to
prevent predation and many have openings large enough for Brown-headed Cowbirds to

parasitize nests. We found that tree mounted boxes are 5 times more likely to be
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predated than natural cavities. Through a concurrent project funded by the Columbus
Audubon Society (unpublished data), we found that boxes mounted on poles with
predator exclusion devices increased nest success above that of natural cavities
demonstrating the importance of proper nest box design and implementation. Strategic
placement of boxes within habitat will also likely play an important role in nest success
and box use as Prothonotary Warblers prefer nest locations over water and with canopy
cover (Slevin et al. 2018) and predation can be lower over deep water (Hoover 2006).
Ultimately, box programs should only be considered as a conservation strategy when
properly designed and monitored for long term success otherwise they may do more
damage than good.

Beyond nesting sites, managers can work to maximize habitat quality to support
breeding efforts and reduce carry-over effects from breeding to molt and winter habitat
use through restoration of water resources and native plant communities. Management of
water resources is often driven by human consumptive needs (i.e., in reservoir systems)
and agricultural demands, however steps to restore natural water regimes can benefit
Prothonotary Warblers, as well as other species of wildlife. For example, reducing
flooding from upstream agricultural and urban runoff through stream remeandering (i.e.,
dechannelizing) or wetland buffers could reduce flash flood events that destroy nests and
reduce foraging areas (Hoover 2009, Hienrich et al. 2014). Controlling region specific
non-native plant species, such as bush honeysuckle in Ohio, and increasing important
native species, such as buttonbush, can help increase food resources (i.e., caterpillars and

other insects) for young and adults, as well as provide important structural habitat for
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concealment during the vulnerable molting period (Burghart et al. 2009). Maximizing
high quality habitat in these ways could help to offset negative impacts from late or
intense breeding on post-breeding condition (i.e., stress and nutrition) and on winter
habitat use. Further study into habitat requirements during the post-fledging and molting
periods could provide concrete habitat management strategies to support populations
during these critical times.

Future research priorities for Prothonotary Warblers should focus on further
understanding how the stages of the annual cycle are linked. Specifically, how annual
environmental variation on both the breeding and wintering grounds impact carry-over
effects to advance understanding of the consequences of climate change for the species.
Investigating winter survival, site persistence, and movement dynamics (Chapter 2) over
longer time periods, in more diverse habitats and across the landscape, may help to
determine how broad scale climactic events will continue to impact the species and
further highlight critical habitats. It may be particularly relevant to focus on the impacts
to females as they may to suffer higher mortality during the breeding season (i.e., nest
predation) and appear to be limited in some populations- all females had breeding
attempts in our study but not all males. Additionally, in general females have received
less study in avian ecology than males and recent literature has highlighted the need to
better understand their annual cycle ecology and how it differs from males (Haines et al.
2020). As females are generally considered to be the more limiting sex in bird
populations and the majority of studies on carry-over effects have focused almost

exclusively on males (e.g., Reudink et al. 2009; Tonra et al. 2011), it is imperative we
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better understand more aspects of their full annual cycle in species of conservation
concern, like the Prothonotary Warbler. In addition, we still lack an understanding of
species-specific habitat requirements during the post-fledging period, molt, and
migration, which may vary from breeding habitat (Cox et al. 2014). Clarifying important
habitat features during these time periods could help managers reduce impacts from
carry-over effects and increase survival. Finally, incorporating data from across the
annual cycle, including the impact of carry-over effects and environmental variation
provided here, into integrated population models could help elucidate Prothonotary

Warbler population trajectories and continued consequences of climate change.
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