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ABSTRACT

Human-driven climate, habitat, and land use changes often co-occur in ecological
communities. We must consider the multiple components of global change acting on
individual species and assemblages to document biological responses to environmental
change and determine the mechanisms underlying these responses. Here, I examine
climate, habitat, and land management impacts on a model aerial insectivore, the Tree
Swallow (Tachycineta bicolor), and its insect prey. Both groups are undergoing
population decline and phenological shifts in many parts of the world; however, the
magnitude and mechanisms of these shifts are not well understood. I first document the
impacts of temperature and precipitation on fall flight times of 20 butterfly species with
varied life histories in Massachusetts. I find many butterfly species are flying later into
the fall now than they were over 20 years ago; however, the response of butterflies to fall
climate is complex and often mediated by life history characteristics, like number of
broods per season. I then examine the effects of climate, habitat, and insect prey
abundance on Tree Swallow reproduction to determine if anthropogenic changes in the

breeding habitat result in declines in reproductive performance that contribute to

viii



population decline. I find that climate and foraging habitat impact egg laying phenology,
clutch size, hatching success and fledging success of Tree Swallows. For example,
reproductive phenology is delayed in rainy springs and fledging success is increased in
nests with open water in their foraging radius. However, I find no evidence to indicate a
change in insect abundance or anthropogenic changes, including climate and land
management, are driving decreases in reproductive success of Tree Swallows over time.
Lastly, I examine the effects of artificial nest management on Tree Swallow reproduction
across Mass Audubon conservation areas. I find habitat, density, and predation of
artificial nests to be strong and often overlooked determinants of Tree Swallows
reproductive performance; for example, fledging is increased in nests placed in open
habitat, far from forests and developed areas. This work provides novel evidence for the
impacts of local-scale nest habitat and management on Massachusetts Tree Swallows, a

threatened population of aerial insectivores.
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CHAPTER ONE: INTRODUCTION

Environmental changes brought about by human disturbance, like climate change,
habitat loss, and biodiversity decline, have widespread, multi-trophic impacts (Parmesan
et al., 2003; Solomon et al., 2007; Trenberth et al., 2015). The effects of global change
can be seen at all ecological scales, from global warming to individual species-level shifts
(Parmesan et al., 2003). In New England, researchers have documented both
environmental changes and biological responses using historical and long-term records.
Long-term observational data sets, like those collected by naturalists and community
science groups, can be used to examine species relationships with climate and habitat
over long temporal scales and with interannual climate variability (Miller-Rushing et al.,
2008; Miller-Rushing & Primack, 2008; Williams et al., 2014). Many of these long-term
datasets and observational records document changes in species phenology, the timing of
biological season events, and reproduction over time.

Over the last century temperatures in New England have risen rapidly, by 1.7°C
(Jay et al., 2018; Hayhoe et al., 2007; Karmalkar & Bradley, 2017). Increases in daily
minimum and maximum temperature have also been documented in the region
(DeGaetano & Allen, 2002). In Massachusetts, mean annual precipitation has increased
by 10% over the last 50 years and intense precipitation events increased in frequency (Jay
et al., 2018). Phenological events like leaf out, flowering, and migratory bird arrivals are
often temperature or precipitation dependent, and shifts in phenology indicate a
biological response to changes in climate Parmesan, 2006; Thackeray et al., 2016). In the

spring, many of New England’s plant, insect, and bird species are already advancing their



phenologies with warming temperatures (Ellwood et al., 2010; Polgar & Primack, 2011).
Assessments of spring flight times of butterflies in the region found species are
advancing their early-season flight dates by 3.6 days C! of warming (Polgar et al., 2013;
Williams et al., 2014). The mean arrival dates for migratory birds of coastal
Massachusetts occurred 0.78 days earlier each decade between 1970 and 2000 (Miller-
Rushing et al., 2008). In temperate climates bird reproductive phenology is also climate
dependent in many species, and is advanced in warm years (Englert Duursma et al.,
2019). Like spring, autumn phenology is affected by the changing climate in New
England. For example, long-term data indicate that short-distance migratory birds
generally delay migration and some long-distance migrants leave earlier with warmer
temperatures (Ellwood et al., 2017). However, much less is known about climate effects
on autumn phenology than spring (Gallinat et al., 2015; Gill et al., 2015). Climate change
can also impact reproductive success both directly, for example by extending the
breeding season length in multi-brooded bird species, and indirectly, by limiting foraging
opportunities for birds during heavy precipitation (Cox et al., 2017). It is important to
understand how interacting species in New England are responding to climate and
changing over time individually and as a community in order to predict and manage for
their changing life histories in a warmer, wetter world.

Over the same period climate in the Northeastern US has changed as a result of
anthropogenic activities, so has land use. Following the agricultural boom and land
clearing of early settlement in the region, over the years 1850 to the 1990s New England

experienced a large regrowth of forests in New England, reaching peak forest cover of



about 90% in the mid-1990s (Foster, 2006). Since this time forest cover has declined and
been fragmented, largely due to urbanization, and this decline is predicted to continue
(Foster & Labich, 2008). Old growth forests, biodiversity-rich landscapes that contain a
well-developed forest structure with unique habitats like large standing dead trees, are
now rare in New England (Foster, 2006). Declines in breeding habitat availability lead to
reduced reproductive success in many species of birds (Catry et al., 2013; Newton, 1994).
As aresult of habitat loss, conservation areas are often tasked with providing habitat for
critical life stages, like breeding structures for nesting birds (Mainwaring, 2015). While
nest site and other habitat provisioning by humans can benefit wild populations, when we
intervene in habitat selection there is the potential to attract animals to otherwise
unsuitable areas (Bailey & Bonter, 2017; Robertson & Hutto, 2006). This behavior can
lower fitness of already vulnerable animals (Mind et al. 2005). It is thus important to
monitor species responses to both habitat loss and conservation management practices to
ensure we are best supporting wild populations.

Effects of climate and land use change on phenology and success in New England
have been well documented. However, these environmental changes rarely occur in
isolation, and integrated assessments of the co-occurring components of global change on
species and communities are lacking. This dissertation uses historical data and
observational studies to further our understanding of the effects of environmental change,
including climate change and land management, in New England. I focus my assessment
on aerial insectivores and their insect prey. Specifically, I examine an underrepresented

group and season in climate change research, autumn butterflies, and a species that has



been hailed as a potential model organism in field ecology, the Tree Swallow
(Tachycineta bicolor). Both groups are undergoing phenology shifts and population
decline in many parts of the world (Dirzo et al., 2014; Rosenberg et al., 2019; Miller-
Rushing et al. 2008), but the mechanisms of these shifts are not well understood. I first
present the effects of recent climate change on the autumn phenology of 20 butterfly
species with varied life history traits that mediate their responses to climate. I then
examine the combined impacts of climate, land management, and prey availability on
Tree Swallows. Lastly, I present the impacts of nest management on Tree Swallow
reproductive performance and provide best management practices to promote breeding
success as well as highlight nest management metrics that may introduce bias into studies
of reproductive performance in artificial nests. This dissertation furthers our
understanding of climatic and land use change impacts on phenology and reproductive
success of individuals and communities, investigates mechanisms for large-scale shifts in
species abundance, and provides novel evidence for the impacts of local-scale habitat
management on threatened populations.

Chapter Overviews

Chapter two: Climate effects on late-season flight times of Massachusetts butterflies
with varied life histories

Climate change is generally understood to affect butterflies by altering spring
emergence and migration phenology (Polgar et al., 2013; Williams et al., 2014),
geographic range (Breed et al., 2013), and physiological processes such as developmental
rates and timing of diapause (Klockmann et al., 2016; C Parmesan, 2006). Despite this

breadth of knowledge, climatic effects on butterflies late in the growing season remain



understudied (Gallinat et al., 2015). The effects of climate on autumn phenology in
butterflies are more difficult to document than spring because there is often less long-
term data available and end of season. However, we take advantage of long-term records
of butterfly observations collected by community scientists to investigate potential
relationships between Autumn climate and butterfly flight patterns. In this chapter I
examine the relationship between fall temperature and precipitation and late season flight
times of 20 Massachusetts butterfly species with varied overwintering, reproductive, and
host plant strategies. Investigating the relationship between life history characteristics and
fall flight duration helps us better understand the controls on end of season butterfly
phenology, and suggest mechanisms by which climate impacts flight duration of
butterflies (Brooks et al., 2017).

Chapter three: Local habitat and climate, but not insect abundance, drive
reproductive performance in a declining avian aerial insectivore

Avian aerial insectivores have experienced significant population declines in
North America over the last 30 years (Rosenberg et al., 2019). These declines, which
began in the early 1980s, are particularly pronounced in northeastern USA and Canada
(Nebel et al., 2010; Sauer et al., 2017). Our study species, the Tree Swallow (Tachycineta
bicolor) is a widespread but declining aerial insectivore that has experienced a 40%
population reduction in North America since 1970 (Rosenberg et al., 2019; Spiller &
Dettmers, 2019). Potential drivers of aerial insectivore decline include decreased prey
abundance, decline in reproductive success, direct or indirect impacts of environmental
contaminants, habitat loss, climate change, and conditions on migratory stopover or

wintering grounds (Imlay & Leonard, 2019; Spiller & Dettmers, 2019). Here, we test the



hypothesis that co-occurring human-driven changes to the breeding habitat of aerial
insectivores, including climate change, land management, and insect prey decline, have
resulted in reduced Tree Swallow reproductive success in eastern Massachusetts. We
collect daily unset abundance samples for comparison to a record if aerial insect
abundance from 1991 of aerial insects to determine if large shifts in insect abundance
may be limiting prey availability to breeding Tree Swallows. Using Tree Swallow
monitoring data collected by community scientists and researchers that span a 32-year
period we investigate the relationship between climate, land use, and reproductive
phenology and success in the species.

Chapter 4: The effect of artificial nest box management on reproductive success of
Tree Swallows in Massachusetts conservation areas

Bird populations in North America are declining rapidly, with a 29% loss since
1970 (Rosenberg et al., 2019). Habitat degradation, climate change, and pesticide use are
the primary drivers of this widespread decline (Spiller & Dettmers, 2019). Conservation
areas tasked with protecting threatened bird populations often erect artificial nest boxes to
mitigate breeding habitat loss for cavity nesting species (Mainwaring, 2015; Ménd et al.,
2005). However, human intervention in nest site selection has the potential to draw birds
to nests with increased predation or suboptimal foraging habitat, leading to decreased
reproductive success for already vulnerable populations (Schlaepfer et al., 2002; Battin,
2004). Artificial nests are often used by researchers to monitor bird reproductive
performance in response to environmental variables (Lambrechts et al., 2010). Despite
the value of nest boxes as a method to combat the negative effects of habitat loss for birds

and as a research tool, nest management impacts on reproductive performance remain



understudied. Here, I determine whether nest boxes management impacts reproductive
performance at seven Mass Audubon wildlife sanctuaries using Tree Swallows
(Tachycineta bicolor) as a model species. I investigate the effects of habitat surrounding
the nest box, incidents of predation, and artificial nest placement on timing of
reproduction and reproductive success of Tree Swallows and identify management
practices that may introduce bias into studies of reproduction in artificial nests as well as

those that promote reproduction and survival.



CHAPTER TWO: CLIMATE EFFECTS ON LATE-SEASON FLIGHT TIMES

OF MASSACHUSETTS BUTTERFLIES WITH VARIED LIFE HISTORIES

ABSTRACT

Although the responses of living organisms to climate change are being
investigated widely, large biases exist in the literature. Relatively little attention has been
paid to climate effects on insects and late in the growing season. To help fill this gap in
research, we studied the late-season flight times of 20 species of butterflies (Lepidoptera
sp.) in a geographically limited region, the state of Massachusetts, USA. To better
understand the end of growing season climate effects on flight times, we examined
changes in dates of autumn flight over a 21-year period and in response to average
monthly temperature and precipitation. By analyzing the last 10% of each year’s butterfly
observations reported by observers of the Massachusetts Butterfly Club, we found that
about one third of species remain in flight significantly later into the fall than they did
two decades earlier, while two species show reduced late-season flight. Warmer
Novembers often led to later fall flight, and wetter Augusts usually extended fall flight.
Life history characteristics of the species, particularly voltinism, migratory status, and
overwintering life stage, influenced whether warmer fall months led to increases or
decreases in fall flight. Multi-brooded species, for example, typically flew later in warm
years than single brooded. These results document the effects of climate on late-season
flight times of butterflies, add to an understanding of how autumn conditions under
climate change alter the phenology of different butterfly species, and show the usefulness

of community science data.



INTRODUCTION

Phenological events like leaf out, flowering, and migratory bird arrivals are often
temperature dependent, and shifts in phenology indicate biological response to climate
change (Parmesan, 2006; Thackeray et al., 2016). Small ectothermic animals like
butterflies often respond directly to environmental conditions, and are likely to respond
biologically to the changes in temperature and precipitation associated with climate
change (Devictor et al., 2012; Fenberg et al., 2016; Parmesan, 2006; Warren et al., 2001).
Though insects are an underrepresented group in climate change research, researchers
have documented some climate effects on the butterflies, largely focusing on the spring.
Climate change is generally known to affect butterfly spring phenology (Brooks et al.,
2017; Ghilain & Bélisle, 2008; Polgar et al., 2013; Williams et al., 2014), range (Breed et
al., 2013; Hellmann et al., 2008; Mason et al., 2015), abundance (Michielini et al., 2020),
voltinism, migration, and physiological processes such as developmental rates and
diapause (Bowden et al., 2015; Klockmann et al., 2016; Westwood & Blair, 2010).
Despite numerous reports of earlier spring emergence and extended flight times, studies
have rarely commented on later fall butterfly flight times (see Westwood & Blair, 2010
for one example).

While spring emergence begins the active period for butterflies, the timing of
diapause or migration in climates with cold winters marks the end of reproduction,
dispersal, and availability as a prey item (Lindestad et al., 2020). The response of
butterfly species to changing environmental conditions, like temperature and

precipitation, can thus have large ecological consequences for both individual and
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community (McLaughlin et al., 2002; Pateman et al., 2012). The effects of climate on the
end of the butterfly flight season are more difficult to quantify than the beginning,
because late-season flight may be affected by a complex interaction of temperature,
precipitation, drought, frost, vegetative senescence, and photoperiod (Gallinat et al.,
2015; Taylor et al., 1987). Investigating the relationship between life history
characteristics and fall flight may help us better understand the controls of end of season
butterfly phenology, and suggest mechanisms by which climate impacts flight. Voltinism
(number of broods produced in a season), host plant, overwintering life stage, and
migratory status all have the potential to mediate butterfly response to climate (Navarro-
Cano et al., 2015; Zeuss, et al., 2017). For example, warming autumns may allow multi-
voltine species to add an additional generation per breeding season. The number of
generations per season in butterfly species may be a more important factor in resilience to
climate change than phenological shifts, because increasing voltinism would accelerate
population growth and adaptation (Kellermann & van Heerwaarden, 2019). An increase
in number of broods per season has been documented in some species in Europe, but not
in North America (Altermatt, 2010a; Diamond et al., 2011). To better understand the
determinants of butterfly fall phenology, we must first investigate climate effects and
document how the unique life history of a species may mediate that response.

To investigate the impacts of climate change and life history characteristics on
butterfly fall phenology we need to examine long-term data for both the ecologies of the
species of interest and climate (Forister et al., 2010; Mackenzie & Noel, 2017; Willis et

al., 2017). Much of the documentation of species response to climate change is in
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changes in phenology, the timing of biological seasonal events (Sparks & Menzel, 2002).
New England, USA has a rich history of monitoring both plant and animal phenology and
weather, making the region an appropriate study site to ask questions about species
responses to anthropogenic change (Miller-Rushing & Primack, 2008; Richardson et al.,
2009; Willis et al., 2017). Butterflies are of particular interest to amateur naturalists, and
many observers keep track of the appearance of different butterfly species during the
warm months from spring to fall. Community science records of insect presence and
abundance, such as those from the Massachusetts Butterfly Club (MBC) in
Massachusetts, USA, offer a rich and largely untapped resource to study the effects of
climate variation on phenology. In past studies, researchers have used records of the
MBC for a set of closely related species to document earlier spring flight times in
response to a warming climate (Polgar et al., 2013; Williams et al., 2014).

The region over which the MBC has collected observations of butterflies has also
experienced documented shifts in climate. New England temperatures increased 0.25°C
per decade since 1970, making the Northeast the fastest warming region in the contiguous
US (Hayhoe et al., 2007; Karmalkar & Bradley, 2017). In Massachusetts, annual
precipitation and incidence of extreme precipitation events have increased (Douglas &
Fairbank, 2011) . Using long-term observational data sets, we can investigate
relationships between biological trends and climate on many taxonomic groups and
across large spatial scales (Ellwood et al., 2015; McDonough MacKenzie et al., 2019;

Miller-Rushing et al., 2008; Visser et al., 2006).
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Here, we examine fall flight dates of 20 species of late-flying Massachusetts
butterflies using observations collected by the MBC from 1993-2014. In order to better
understand the potentially complex factors controlling fall flight phenology in butterfly
species, we also examine the relationship between life history characteristics and fall
flight. The MBC records provide careful and consistent data compilation over a
substantial time frame. Though community science data sets can introduce location,
species, and observer biases into studies, the large volume of community science
collected data may overcome the difficulties of studying phenology (Dickinson et al.,
2010; Gallinat et al., 2015).

Here, we ask if data collected by members of the MBC indicate that autumn flight
times have changed from 1993 to 2014 and if these changes correlate with monthly
averages of temperature and precipitation. We expected to find that (1) flight times of
butterfly species have extended later into the fall in recent years, (2) warmer fall
temperatures are associated with the extension of flight dates, and (3) voltinism and
overwintering life stage influence the responses of each species to climatic variables.
This work will lead to new insights into the effects of climate change on the late-season

phenology of butterflies, an ecologically and culturally important group of organisms.

METHODS

Climate data

Climate data were obtained from NOAA meteorological monitoring stations. The

butterfly observational data from the MBC were recorded from locations spread widely



13

throughout the state, often with coarse location information. As a result, we chose three
NOAA stations from different areas of Massachusetts—Plymouth in the southeast,
Lawrence in the northeast, and Ambherst in the west—to represent weather in the state as
a whole. Climate variables included in analyses were monthly mean fall temperatures and
precipitation totals for August-November in each year.

Butterfly data

From the approximately 110 butterfly species regularly seen in Massachusetts, we
selected 20 species for which extensive observational data are available from the MBC,
fly late in the summer and fall, and are taxonomically diverse to include in this study
(Table 1). These species show substantial variation in life history features, including
voltinism, host plant type, and overwintering life that may influence how they respond to
changing environmental conditions. 19 of the species are residents of Massachusetts, and
one was migratory (D. plexippus, Monarch butterfly).

Flight times were provided by records from the MBC. Members of this
organization participate in scheduled field trips and individual excursions to observe
butterflies and report the species seen as active adults. All observations are then compiled
by species, location, and date for each year. Our analyses used presence data, not
abundance, and all data used here have been specifically reviewed by head of the MBC.
We included butterfly sightings from 1993 to 2014 in the analyses of flight dates. All but
one of these years included consistent and detailed autumn records; we omitted 1 year,

1997, because few records were available for that year. We obtained butterfly size and
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host plant data for these 20 species from Opler and Krizek, 1984 and brood number and
overwintering life stage from MBC flight records.

For each of the 20 species, we classified late-season sightings as the last 10% of
all sightings recorded for each species for each year, a method parallel to that of Polgar et
al. (2013) and Williams et al. (2014), who used the first 10% of each year’s observations
to analyze dates of spring emergence for a set of closely related butterfly species. The
sample sizes in our analyses ranged from 178 for P. comma, an average of 8.5/year (from
a total of 1834 observation records for 1993-2014), to 638 for C. philodice, an average of
30.4/year (from a total of 6521 records for 1993-2014) (Table 2.1). The species with the
greatest variation in yearly sample sizes was V. atalanta, a species known for periodic
population outbreaks; the average for V. atalanta was 14.0/ year, with the range being 3
to 44/year. The range was considerably less for other species; this difference is indicated
by the standard deviation of the mean observations per year which is 0.82 for V. atalanta,
double that for any of the other 19 species. Other species have high and low years in
population growth, but they do not show the irruptions and extensive movement
characteristic of V. atalanta. We quantified how late each species typically flies into the
fall by examining the date by which 95% of the total number of observations for that
species have been recorded; this is a measure of the average fall flight date (Table 2.1).

Statistical Analyses
Climate data
All statistical analyses were conducted in R software version 3.6.3 (R Core Team,

2020) and figures were made using the ggplot2 and ggpubR packages (Hanzelmann et al.,
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2018; Wickham, 2016). We first conducted pairwise comparisons of the three
representative stations with Pearson’s correlation coefficients to determine if weather was
significantly correlated across the state. Then, to determine what changes had taken place
in the weather during the period of 1991-2014, we ran linear regressions of mean
monthly temperature and total precipitation for each late-season month as well as
grouped mean fall temperature (August-November) against year. Because the regressions
were run with sets of four monthly weather variables for temperature and four for
precipitation, in these analyses, we considered Bonferroni correction and assessed
significance at the o= 0.01 level.
Later-season butterfly flight over time and with climate
We assessed phenological change over time for each species individually by
regressing all late-season observational data for that species against year for the 1993—
2014 period. We considered results of statistical tests to be significant when p < 0.01. For
each species, we also separately ran individual linear regressions of the set of last 10%
observations first against average temperatures and then against precipitation totals for
each fall month (August, September, October, November) to determine the relationship
between each climate variable and fall flight. We used these analyses to quantify rate of
change in butterfly fall flight date over time in days/year, and measured for temperature
in days/°C, and for precipitation in days/mm.
Late-season butterfly flight with life history
To determine the effect of life history, including voltinism, overwintering life

stage, host plant type, and migratory status on fall flight we compared late-season
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observation dates across 1993-2014 with these groups. We considered results of
statistical tests to be significant when p < 0.05. To compare life histories between the 20
species, we first grouped individuals based on shared characteristics (Table 2.1). In the
case of voltinism, we categorized the 20 species into butterflies that have one, two, or
three or more broods per year. We then grouped species by common overwintering life
stage: adult, larva, pupa, or if it was a fall migrant. We broadly categorized host plant
type into herbaceous, woody, or grassy. For analyses of voltinism, overwintering life
stage, and host plant type we compared fall fight between the groups using analysis of
variance (ANOVA). If the ANOVA was significant, we employed T-Test posthoc
pairwise comparisons to determine if fall flight for the species in each group was
significantly different from the mean fall flight time across groups. Finally, we compared
fall flight time of the one migratory species included, D. plexippus, to all other species
using a two sample T-Test to determine if there was a difference in fall flight between

this and all resident species.

RESULTS
Climate
The results of our pairwise climate comparisons reveal autumn temperatures and
precipitation were highly correlated across the state from 1993-2014. Here we will report
the pairwise correlations with the weather stations being compared listed in parentheses.
Fall temperature correlations were significant and strong (p < 0.001). Pearson’s

correlation coefficients were 0.994 (Amherst-Lawrence), 0.991 (Ambherst-Plymouth), and
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0.992 (Lawrence-Plymouth). For precipitation totals, correlations were also significant (p
< 0.001) though not as strong, with pairwise Pearson correlation coefficients being 0.698
(Ambherst-Lawrence), 0.558 (Amherst -Plymouth), and 0.714 (Lawrence-Plymouth). To
best represent fall weather in the state, we chose to use the average of the temperature
and precipitation values for the three stations from August-November.

We assessed whether average temperature and precipitation had changed in the
study area from 1991 to 2014. Conditions warmed significantly over time in September
(p=0.032,r2=0.192) and trended upward but not significantly for August, October,
and November considered separately. Significant warming occurred for the combination
of the two central fall months September and October (p = 0.022, r 2 = 0.216). These
results indicate an average increase of 1.38 °C for September—October over that 24-year
period. Mean fall temperature, averaged August-November, did not change significantly
over the period but has trended toward warming temperatures (p=0.059, Figure 2.1). No
changes in precipitation patterns were detectable over these years.

Late-season butterfly flight
Fall flight over time

For seven of the 20 species, regressions of flight dates against year showed a
significantly positive slope, indicating flight was extended later into the fall over time
(Figure 2.2 and Table 2.2). The steepest significant slopes were found with P. polyxenes
(12.3-day extension over the 21-year period), S. cybele (7.6 days), V. atalanta (10.3
days), and E. clarus (16.2 days). In addition to these four, three other species, L. phlaeas,

E. comyntas, and A. numitor, trended toward extended into the fall (Figure 2.2 and Table
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2.2). Two species, C. pegala and D. plexippus, gave results in the opposite direction, with
late-season observations becoming significantly earlier over time (3.9 to 4.2 days earlier
for each; Fig. 2.2).
Fall flight with temperature

A number of species showed significant relationships with temperature and fall
flight through the months August -November (Table 2.3). Increased mean August
temperature extended fall flight for C. eurytheme, P. tharos, V. atalanta, L. archippus,
and C. tullia (Figure 2.3, Table 2.3). The opposite response took place for L. phlaeas, E.
comyntas, P. comma, and N. antiopa, whose fall flight was lessened when August
temperatures were warmer (Fig. 2.3, Table 2.3). No species flew later in warmer
Septembers, but flight was extended when September was cooler for P. tharos, C. tullia,
D. plexippus, and A. numitor. Flight of P. peckius was extended in warmer October.
Warmer Novembers extended flight significantly for P. polyxenes, C. philodice, C.
eurytheme, P. comma, D. plexippus, and A. numitor (Figure 2.4 and Table 2.3). A strong
response was shown by V. atalanta, whose flight was extended significantly in warmer
August but also reduced in warmer October, November, and December. In contrast, P.
troilus, P. glaucus, S. cybele, V. virginensis, and E. clarus showed no response to months
with increased warmth, despite the finding that S. cybele and E. clarus are flying
significantly later in the fall than they used to. C. eurytheme was the latest flying of the
20 species (95% observation date was October 31), and as one might expect with a
multivoltine species that can breed until lengthy frosts set in, their flight was extended

significantly into the fall by warmer temperatures in August (p = 0.002) and November (p
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<0.001). The relationship of C. eurytheme flight to fall temperature was significant but
we do not see a general change in fall observations over time.
Fall flight with precipitation

Reponses of flight time to monthly precipitation patterns were more complex than
those with temperature (Table 2.4). The most consistent response came with higher
precipitation in August. 19 of the 20 species showed extended flight with higher August
precipitation, with nine showing significantly extended fall flight, which are P.
polyxenes, S. cybele, P. tharos, N. antiopa, C. pegala, C. tullia, D. plexippus, A. numitor,
and P. peckius (Table 2.4 and Figure 2.5). The average response to August precipitation
across species was 1-day extension in fall flight for each 14-mm increase in total monthly
precipitation (the 24-year average for August was 97.5 mm). Precipitation increases in
September, October, and November yielded mixed responses, with some species showing
earlier and some later flight, but all responses were small in size.

Fall flight with life history

We observed differences in fall flight time from 1993-2014 with all life history
characteristics compared. Fall flight was significantly different among the number of
broods a species has annually (p<0.001), and fall flight date differed significantly
between all groups and the mean; species that were single brooded has the earliest fall
flight dates, followed by double brooded species, and species that had three or more
broods per season flew the latest (Figure 2.6A). Fall flight was also significantly different
with overwintering life stages (p<0.001). Species that overwinter as adults and migrants

fly later into the fall than the mean flight date across groups, and species that overwinter
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as pupa show reduced fall flight (Figure 2.6B). Host plant category is significantly related
to differences in fall flight (p<0.001). Species that utilize herbaceous plants as host
species show extended fall flight compared to species with grassy or wood host plants,
with species with woody plant hosts showing the most reduced fall flight (Figure 2.6C).
We also see that the one migratory species included in the study, D. plexippus, flew

significantly later in the fall than the mean observations of resident species (p<0.001).

DISCUSSION

Numerous studies, including Forister et al., 2010, Forister & Shapiro, 2003, and
Kharouba et al., 2014, have documented changes in butterfly phenology in the spring due
to a warming climate, but few (see Westwood & Blair, 2010) have addressed flight
extended into the fall. Seven of the 20 species in this study showed extended autumnal
flight that was associated with warmer conditions, though it is clear that the life history of
several species, particularly voltinism, overwintering life stage, and plant host type, likely
mediate the response of flight times to changes in climate.

Only two of the 20 species displayed reduced late-season observations over time.
One is C. pegala, a species that produces a single generation per year. If spring
emergence of a univoltine species is advanced with the warming climate, then late-season
appearance may also have advanced, even if the overall flight period is lengthened. Of
the 20 species we considered, this is the one butterfly restricted to a single brood that also
has a limited flight period (S. cybele has a single brood but also an exceptionally long

flight period). The other 18 species are characterized by at least a partial second brood,
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and are thus more apt to fly later in the fall. For species like C. pegala, a warming climate
as well as other anthropogenic change like the recent decline in the frequency of open
field habitats may lead to reduced rather than extended flight in the fall (Altermatt,
2010b; Foster et al., 2002). This result raises the question of whether univoltine species
may be constrained in the length of their flight time and are responding to climate change
by emerging earlier in the spring and reducing their fall flight period, limiting their ability
to pollinate, disperse, and their availability as a prey item during the late summer and fall.

The other species that showed reduced late-season flight over time is the
monarch, D. plexippus, the only species of the 20 in our study that undergoes seasonal
migration. Reduced late-season flight of D. plexippus in Massachusetts may result simply
from the well-documented decline in their abundance over the past 20 years (Brower et
al., 2012). Even though climate effects on this species are clearly complex (Zipkin et al.,
2012), climate-induced host plant senescence or increased herbivory by competing
insects may factor in the pace of fall migration of D. plexippus (Howard & Davis, 2015;
Lemoine, 2015).

Autumn temperature and precipitation drove differences in late-season flight
times for some species. Extended fall flight in months with warmer temperatures was a
response shown by many of our study species, particularly with warmer Novembers. This
relationship may result from higher survivorship and extended activity in warm years, but
more complex responses may also occur. In fact, several species showed the opposite
relationship. In particular, higher August temperatures led to fewer late-season

observations of L. phlaeas, E. comyntas, P. comma, and N. antiopa. A negative
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relationship between fall flight and months with warmer temperatures could indicate that
the seasonal flight period of the species has moved earlier in the year. Reduced fall flight
with high temperatures could also be a consequence of lower activity due to a decline in
nectar for adults or the senescence and death of many host plants (Davis & Cipollini,
2014; Gallinat et al., 2015; Singer & Parmesan, 2010). Wetter Augusts extended flight
for many species, likely because wet weather is usually also cooler, slowing activity and
perhaps aging (Tatar & Yin, 2001). High precipitation in August may also be beneficial
for host plant growth. August drought and rain strongly affect the growth of the host and
habitat grasses for C. pegala, C. tullia, A. numitor, and P. peckius—all four of which
showed flight significantly extended by increased August precipitation. Another
possibility is altered sampling effort by community scientists in years with extreme
weather conditions, as described for study in similar systems (Bonney et al., 2009;
Ellwood et al., 2013; Miller-Rushing et al., 2012). In particular, butterfly observers may
be in the field recording their observations more during warmer late autumns and less so
during very hot Augusts. Further study may clarify the relative importance of climate and
community science sampling effort in explaining differences in late-season butterfly
flight.

Differences in life history likely mediated autumn phenological response to
climate change (Box 1). Several species that are multivoltine fly late in the fall are now
flying later than they did two decades ago and fly later in warmer Novembers (e.g., P.
polyxenes, C. eurytheme, C. philodice), likely because with warmer temperatures they

can increase their reproductive output (Roy & Sparks, 2000). Other researchers have
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found that extended flight periods in fall are more characteristic of multibrooded species
(Roy & Sparks, 2000), a correlation our results also support. P. comma and N. antiopa
are the two species in our set of 20 that overwinter as adults in Massachusetts.
Consequently, they can rest during cold spells and fly on days that are sufficiently warm,
whether warm days are frequent or not. This life history gives them more flexibility in a
changing climate (Diamond et al., 2011). That flexibility is reflected in their wide range
of their responses to weather variables and overall extension of fall flight compared to
other study species, depicted in Figure 2.6B.

While we found trends towards later flight in the fall and extension of fall flight
under warmer conditions, much variance remains in the data. This is not surprising given
our coarse measure of climate metrics. Temperature and precipitation vary greatly across
Massachusetts, with microclimate conditions likely affecting local species (Chec et al.,
2014; Eilers et al, 2013; McDonough MacKenzie et al., 2019). Further, different
populations may respond to local ecological, environmental, and land use conditions so
that the responses to climate variables within a single species can differ across the range
of the species (Roy et al., 2015). Given the often coarse location information provided in
our data set, we chose to examine regional trends. However, in the future, researchers
should investigate local-scale and microclimate effects on end of season butterfly flight
across species and life history characteristics.

The effects of a warming climate can be extensive and complex. By altering
individual size and developmental rates, for example, climate change can modify the

length of particular life stages, adult size, and dispersal ability (Kearney et al., 2010;
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Klockmann et al., 2016; Westwood & Blair, 2010). The ranges occupied by butterflies
may also shift, not just because of direct effects on the insects but also because of
climate-induced changes in the range and phenology of their host plants (Altermatt,
2010b; Lemoine, 2015) or in the species or abundance of acceptable host plants (Pateman
et al., 2012). In addition to changing mean temperatures, climate change in the fall also
increases the frequency of extreme weather events, such as drought and frost, and such
events can exert profound changes on the survival and range of butterfly species
(McLaughlin et al., 2002; Oliver et al., 2015). To better understand changes in fall
phenology, we suggest that field observers institute a regular schedule of field
observations at distinct locations so that observer effort is constant from week to week

starting before the growing or flight season and continuing after it.

CONCLUSIONS

The abundant observational data contributed by community scientists from the
MBC have documented the effects of temperature and precipitation on the flight times of
20 butterfly species that exhibit diverse life histories. As expected, fall phenology is
complex and multi-dimensional. Here, we describe varied responses to autumn
temperature across 20 butterfly species. Some respond to a warming climate by flying
later in the autumn—namely species that were multivoltine, overwinter as adults, and
utilize herbaceous host plants. Other species show reduced late-season flight, typically
single brooded species and those that overwinter as pupa. This study illustrates the

complexity of responses to autumn climate displayed by different species in a way that
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can often be linked to life history characteristics. Although researchers need to consider
the limitations of community science data sets, our work also demonstrates the value of

using such data to study the relatively neglected topic of autumn phenology.



26

ACKNOWLEDGEMENTS

Ernest H. Williams, Sharon S. Sticher, and Richard B. Primack were co-authors on this
paper. We thank the members of the Massachusetts Butterfly club for generously sharing
their observations for this project, the 160 members of the club contributed invaluably to
our understanding of climate impacts on insects in New England. Sharon Sticher, in
addition to co-authoring the paper, checked all the observations included in the study for
accuracy. Thank you to Jiray Avedisian for help with the graphics. Thanks to Colleen
Hitchcock, Abe Miller-Rushing, Caitlin Mcdonough Mackenzie, Amanda Gallinat,
Alyssa Helmling, and three anonymous reviewers at the International Journal of

Biometeorology for their helpful comments on the manuscript.



27

TABLES AND FIGURES

Table 2.1. The 20 species of Massachusetts butterflies analyzed in this study, showing
variation in their life history traits. The date of 95% observations is the date by which
95% of the total number of observations of the species have been made; it is a measure of
how late into the fall the species typically flies. The sample size for each species
represents the last 10% of observation records over the 22-year period. Host plant
information from Opler & Krizek 1984; brood information and overwintering life stage
from Massachusetts Butterfly Club, 2016.



28

Table 2.2. Trends in fall flight from 1993 to 2014 of 20 Massachusetts butterfly species,
analyzed by linear regression. Slope is reported in days/year. Direction of the relationship
is reported for significant trends over time, with (+) indicating fall flight is extended and
(—) indicating fall flight is reduced.
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Table 2.3. Effect of temperature of each fall month on fall flight of 20 Massachusetts
butterfly species, analyzed by linear regression with a= 0.01. Shown are beta and p
values from the regressions, and on the right are the slopes for each significant effect.
Slopes are reported in days/°C.
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Table 2.4. Effect of precipitation of each fall month on fall flight of 20 Massachusetts
butterfly species from 1993-2014 analyzed by linear regression for each species, with
a=0.01. Shown are beta and p values from the regressions, and on the right are the slopes
for each significant effect. Slopes are reported in days/mm.
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Figure 2.1. Mean Massachusetts fall (August to November) temperature from 1991-2014
based on the average of records from three NOAA stations located in Massachusetts:
Plymouth, Lawrence, and Amherst, MA. Linear regression shows that fall temperatures
are trending warmer, though not significantly (p=0.059).
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Figure 2.2. The rates of change over 21 years (1993-2014) in late season flight dates of
20 species of Massachusetts butterflies. The slope (days/year) is calculated using linear
regressions of the accumulated last 10% of observations for each species over the 22-year
time period, and is shown on the x-axis. Significant extension of flight later into the fall is
shown in green for P. polixenes, L. phlaeas, E. comyntas, S. cybele, V. atalanta, E.
clarus, and A. numitor. Significant reduction of fall flight is shown in red for C. pegala
and D. plexippus. Non-significant trends are shown in black. Statistics in Table 2.2.
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Figure 2.3. The rates of change in late-season flight dates from 1993 to 2014 for the nine
species that showed significant responses to average August temperature. The slope
(days/°C) is shown on the x-axis. Significant extension of flight into the fall (p<0.01) was
correlated with warmer Augusts and shown in green for C. eurytheme, P. tharos, V.
atalanta, L. archippus, and C. tullia. In contrast, warmer Augusts led to significantly
reduced late flight in L. phlaeas, E. comyntas, P. comma, and N. antiopa, shown in red.
Statistics for all species in Table 2.3.
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Figure 2.4. The rates of change in late-season flight dates from 1993 to 2014 for the
seven species that showed significant responses to average November temperature. The
slope (days/°C) is on the x-axis. Significantly later flight (p<0.01) occurred for P.
polyxenes, C. philodice, C. eurytheme, P. comma, D. plexippus, and A. numitor, shown in
green. Significantly reduced late flight occurred for V. atalanta, shown in red. Statistics
for all species in Table 2.3.
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Figure 2.5. The rates of change in late-season flight dates from 1993 to 2014 for the nine
butterfly species that showed a significant relationship to average August precipitation.
The slope is shown as days/mm for August precipitation on the x-axis. All species with a
significant response to August precipitation showed significant extension of fall flight
with wetter Augusts. Statistics for all species in Table 2.4.
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Figure 2.6. Late-season observations of 20 Massachusetts butterfly species from 1993-
2014 with life history traits. Points in the figure represent mean fall flight for a given
species in a given year, however statistics represent comparisons of all observations of a
species in a given year. (A) Voltinism, or number of broods a species has in a season,
will fall flight. Categories include one brood, two broods, and three plus broods per
season (mutli-brooded species). Groups were compared using ANOVA and post-hoc
pairwise comparisons determine if fall flight for each group is significantly different from
the mean fall flight time across groups. (B) Overwintering life stage, groups include
species that overwinter as larva, adults, pupa, or migratory species. Comparisons were
made with ANOVA and T-Test post hoc comparisons. (C) Host plant type, grouped by
species that use herbaceous, grassy, and woody plants. Comparisons were made with
ANOVA and T-Test post hoc comparisons. (D) Migratory status, here we compare the
one migratory species in the study, D. plexippus, to all other species using a two sample
T-Test. Across comparisons *** indicates a significance level of p=0.001.
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Box 2.1. Massachusetts butterfly fall flight: species highlights
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CHAPTER THREE: LOCAL HABITAT AND CLIMATE, BUT NOT INSECT
ABUNDANCE, DRIVE REPRODUCTIVE PERFORMANCE IN A DECLINING

AVIAN AERIAL INSECTIVORE

ABSTRACT

North American avian aerial insectivores are undergoing dramatic population
declines. These declines span multiple species of diverse life histories, and thus may be
driven by the large-scale environmental changes caused by humans. Here, we investigate
the hypothesis that anthropogenic changes to breeding grounds are resulting in declines in
reproductive success of an aerial insectivore, the Tree Swallow (Tachycineta bicolor),
and thus contributing to population decline. In order to more completely understand
environmental impacts on the population, we investigate the integrated effects of three
co-occurring changes that may impact aerial insectivore reproduction, climate change,
decline of insect prey populations, and management of artificial nest boxes, over a 32-
year period. We find no evidence for declines in reproductive success driven by
anthropogenic changes to the breeding habitat in this population. While Tree Swallow
reproductive success, as measured by clutch size, has declined over the past three
decades, there has been a rebound in success in the last eight years. The increase in
success may reflect habitat changes that promote bird reproduction, like increased open
water habitat which we find promote fledging success, or plastic responses to breeding
season conditions. Further, we find novel evidence that habitat proximal to nest boxes
mediates late-season reproductive success and should be explicitly considered in future

studies of aerial insectivore reproduction.
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INTRODUCTION

North American bird populations are undergoing rapid declines and the recently
reported loss of 3 billion birds across the continent since 1970 has large-scale ecological
consequences (Rosenberg et al., 2019; Sekercioglu, 2006). The species declining include
widespread and common birds that provide ecosystem services like pest control,
pollination, and energy transfer across their ranges (Sekercioglu et al., 2004; Wenny et
al., 2011; Whelan et al., 2015). Avian aerial insectivores are one such group of birds
suffering population losses (Rosenberg et al., 2019; Spiller & Dettmers, 2019). This guild
is united by and named for their common foraging strategy of feeding primarily on
insects in flight (Nice & Bent, 1942). While they share a foraging strategy, aerial
insectivores vary greatly in their habitats, migration patterns, reproductive strategies
(Spiller & Dettmers, 2019). The guild-wide decline in aerial insectivores spans their
diverse ecologies, suggesting the driver of these declines may be large scale, multi-
trophic, and act on a shared life stage (Imlay et al., 2018; Nebel et al., 2010; Sauer et al.,
2013; Bohning-Gaese et al., 1999; Cox et al., 2018; Imlay, 2017; Spiller & Dettmers,
2019). Here we test the hypothesis that declines in aerial insectivore reproductive success
caused by anthropogenic changes in the breeding habitat, including climate change,
decline in insect prey populations, and land management regimes, are contributing to
overall population decline.

Over the last 50 years, researchers have documented declines in aerial insectivore

populations in northeastern North America, a region which has also undergone
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unprecedented environmental change (Michel et al., 2016; Nebel et al., 2010). Since
1970, New England has warmed by 0.25+0.01°C per decade, making the Northeast the
fastest warming region in the contiguous USA (Hayhoe et al., 2007). Concurrently, there
has been a 67% increase in very heavy precipitation events and a 10% increase in rates of
annual precipitation (Karmalkar & Bradley, 2017). Large declines in insect populations
have been reported in some habitats around the globe (Dirzo et al., 2014; Hallmann et al.,
2017; Homburg et al., 2019; Sanchez-Bayo & Wyckhuys, 2019), but not all (Saunders,
2019; van Klink et al., 2020; Wagner, 2020). In the northeastern U.S. there is evidence of
insect decline (Harris et al., 2019), but studies documenting aerial insect communities
over time in this region are rare (Wagner, 2020). Here, we utilize existing climate records
and our own assessment of aerial insect availability to quantify the potential relationships
between changes in these environmental conditions and the abundance of aerial
insectivores.

In addition to the climatic changes and potential biodiversity shifts, over the last
50 years available nesting habitat for many bird species in the northeast has declined as a
consequence of forest regrowth, development, and urbanization (Askins, 1999; Strohbach
et al., 2014). In response, land managers often work to provide additional nesting habitat
in conservation areas, and many erect physical structures like nest boxes for use by cavity
nesting birds (Ménd et al., 2005; Shutler et al., 2012; Wiebe, 2011). It is important to
understand the impacts of artificial nesting habitat on reproductive success, as the
locations chosen by humans may not be areas where birds would naturally breed and nest

habitat can directly impact reproductive success in many species (Robertson & Hutto,
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2006; Schlaepfer et al., 2002). Taken together, climate change, prey decline, and
introduction of artificial nesting habitat have the potential to greatly impact the
reproduction of aerial insectivores in northeastern North America.

Tree Swallows (Tachycineta bicolor) are an example of a widespread aerial
insectivore that is declining through much (Nebel et al., 2010; Rosenberg et al., 2019),
though not in the southern portion (Wright et al., 2019), of their North American range.
In total, Tree Swallows have experienced a 40% population reduction in North America
since 1970 (Spiller & Dettmers, 2019). To combat habitat loss land managers commonly
provide artificial nesting habitat to bird species. Tree Swallows are secondary cavity
nesting birds, meaning they must build their nests in pre-established cavities in trees, and
readily accept manmade nest boxes as a substitute for natural cavities (Nice & Bent,
1942). Habitat proximal to these nest boxes may mediate foraging ability in the species,
as over the course of the breeding season Tree Swallow foraging habitat becomes limited
to 100-200 m from their nest site (Ankney, 1985; John P McCarty & Winkler, 1999).
Here, we investigate the contribution of habitat, in addition to climate and prey
availability, to patterns in Tree Swallow reproductive success (Ankney, 1985; Schlaepfer
et al., 2002).

In order for human-driven changes in the breeding habitat to result in population
decline in Tree Swallows climatic changes, including warmer temperatures and increased
precipitation, nesting site management, or insect availability must lead to declines in
reproductive success (Imlay & Leonard, 2019). Researchers have investigated the effect

of climate (Cox et al., 2018; Imlay et al., 2018; Mgoller & Moller, 1989; Taylor et al.,
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2018; Winkler & Allen, 1996), habitat (Mengelkoch et al., 2004; Rohrbaugh & Yahner,
1997; Stanton et al., 2016a), and prey availability (Imlay et al., 2017; Paquette et al.,
2013) on reproductive success of cavity-nesting birds and aerial insectivores, but to our
knowledge this is the first integrated assessment of these co-occurring metrics in a single
landscape. Here, we examine the impacts of climate, habitat, and trends in insect
availability on Tree Swallow reproductive phenology and success, as measured by clutch
initiation, clutch size, hatching, and fledging, in a Massachusetts conservation area over a
32-year period (1987-2019) to determine if anthropogenic impacts are related to declines
in reproductive success of these birds. We ask the following questions: 1) Has Tree
Swallow reproductive performance changed over the last three decades? 2) Are the trends
in annual reproductive performance driven by climate, land management, or insect
availability? 3) Which of these co-occurring environmental metrics are the strongest

predictors of reproductive success in Tree Swallows?

METHODS
Study site
Monitoring of Tree Swallow and aerial insect populations was performed at
Broadmoor Wildlife Sanctuary in South Natick, MA, USA. This 235 ha protected area
contains field, wetland, forest, and river habitat. All of the nest boxes are placed in open
field habitat, bordered by forest, wetland, open water, or developed land cover. A recent
comparison of the flora of Broadmoor between 1980 and 2009 showed plant diversity in

the wildlife sanctuary declined slightly over the duration of this study, from 562 to 499
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plants. Five invasive plant species were introduced, and beaver-created wetlands
expanded by about 50ha (Standley, 2015). The fields in which nests boxes are placed are
mowed annually to maintain their early successional state and woody invasive species are
managed.

Fifty-three nest boxes are currently distributed across the wildlife sanctuary,
with 80.1 £0.02% of which are occupied annually by Tree Swallows (Figure 3.1). Nest
boxes have not been consistently numbered over the duration of data collection, though
they have remained in the same area of the sanctuary. The boxes are wooden and
mounted on metal poles an average of 127.7£16.9 cm from the ground. Average depth of
the nest boxes is 13.6+2.5 cm and average height is 31.5+4.7 cm. The metal poles on
which the boxes are mounted are greased once each breeding season to prevent predators
from climbing into the nests; as a result, the predation rate is low (5% of nests annually).
At the start of nest box monitoring in 1987, there were 37 nest boxes, all located at the
Wildlife Pond and Nature Center sites (Figure 3.1A). From 1990-2012, 16 additional
boxes were added to the sanctuary (Figure 3.1A). To account for this change in box
number we included only the original 37 nest boxes in our analyses of reproductive
performance across the 1987-2019 period, and used all 53 nest boxes in our analyses of
late season breeding success from 2015-2019.

Tree Swallow nest box monitoring effort
Nest box monitoring at Broadmoor Wildlife Sanctuary began in 1987 and
continued intermittently from 1987 to 2019. Over the 32-year period, 14 years of data are

included in our analyses. Eighteen years have been excluded due to missing and
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unreliable data. The years of data collection included in our study are 1987-1991, 1994,
2012-2019, which we group broadly into older years (1987-1994) and more recent years
(2012-2019) in some analyses.
Tree Swallow nest box monitoring protocol

Tree Swallows typically arrive at Broadmoor in late March (average arrival date
is March 27 for the years 1991-2017, as noted by citizen science observations of first
Tree Swallow sightings reported to the sanctuary). Nest box monitoring begins in April
and continues until the last young fledges, typically in mid-July (average date last fledge
date is July 14). Nest boxes are checked at least once a week in the midmorning. In the
years 1987-1991, 1994, and 2012-2014, volunteers recorded nest presence, bird species,
and number of eggs. From 2015-2019 researchers added number of chicks hatched,
hatching success (proportion of eggs successful hatched out of total laid eggs in a nest),
number of chicks fledged, and fledging success (proportion of nestlings fledged out of
successful hatches in a nest) to the monitoring protocol. If nests were not monitored on
the day of clutch initiation, date of first egg laid in each nest was estimated by back-
counting based on the number of eggs first observed in a nest; Tree Swallows lay one egg
a day until the clutch is complete (Nice & Bent, 1942). We did not include clutches laid
by second year (SY) females in our analyses, only females that were after second year
(ASY). SY females rarely laid clutches and when they do, the eggs often do not hatch.
SY females were identified by their mostly brown plumage and late arrival to the
breeding grounds (as decribed by Hussell, 1983; Lombardo & Thorpe, 2010; Stocek,

1970).
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Breeding season conditions
Insect abundance and diversity

To determine if there has been a change in the relative abundance or species
composition of insects in the conservation area over the three decades of nest box
monitoring, we collected insects throughout the 2019 breeding season to compare to a
study of aerial insect abundance performed at Broadmoor Wildlife Sanctuary in 1991 as a
continuation of a larger study on Tree Swallow diet (see: Hussell & Quinney, 1987). In
2019 we repeated the protocols from the 1991 sampling; insects were collected using the
same method and in the same locations at both time points.

Insects were collected in conical nets suspended horizontally at two sites that
contain clusters of nest boxes within the conservation area (Figure 3.1B). Nets were made
of 1 mm mesh and stood 2 m above ground. The nets rotated freely in the wind such that
the mouth always faced upwind. Insects were collected in a jar of 70% ethanol at the rear
of each net (Hussell & Quinney, 1987). The insect nets were manually deployed daily
from dawn to dusk at each location, to mimic the diurnal foraging strategy of Tree
Swallows, with the goal of having the nests set out for 12 hours a day. When the nets
were put up and taken down, wind speed (m s!) and temperature (°C) were also recorded
at the mouth of the net, as these variables can influence insect flight. Studies have shown
a significant correlation between flying insects captured proximal to Tree Swallow nests
and those delivered to nestlings (Ankney, 1985); however, we did not directly monitor
nestling diet in this study. This insect collection method likely excludes larger prey items,

like Odonata and Lepidoptera, which have been observed in Tree Swallow diets in low
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frequency (McCarty & Winkler, 1999; Mengelkoch et al., 2004). However, the vast
majority of Tree Swallow prey items are 10 mm or less, a size class that is targeted by
this sampling technique (Ankney, 1985; J.P. McCarty & Winkler, 1999).

In 1991 insect nets were deployed daily for the month of May, between May 8
and 24. In 2019 insect nets were deployed daily for the duration of Tree Swallow nesting,
from April 24 through June 28 (average daily 2019 net hours 12 h 07 min £01 h 29 min).
In both years, insects were not collected on days with heavy (4-10 mm hour!)
precipitation, as the collection jars would flood. Insects from each collection were
identified to order and measured in length. Due to the low total abundance of insects
captured, 5-day sums of insect counts were calculated for biodiversity calculations and
illustration in figures.

Climate

Climate data, including temperature, precipitation, and wind speed, were obtained
from the Blue Hills Observatory in Milton, MA, USA (23 km from Broadmoor). In this
study we were interested in breeding season impacts of temperature and precipitation on
reproduction, and we included climate metrics that represent the conditions when Tree
Swallows were present. For our analysis of the 1987-2019 data, we included monthly
mean, maximum, and minimum temperature and total precipitation for March, April, and
May. For the 2015-2019 analysis, we also included 5-day averaged climate data; this
more detailed weather information is not available for the full 32-year time span.
Temperature and wind speed metrics were averaged and precipitation summed for the 5

days prior to a reproductive event, like egg laying and hatching, to represent short-term
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weather and wind speed fluctuations in weather preceding these reproductive events,
which have been shown to have large impacts on Tree Swallow reproduction (Cox et al.,
2019; Weegman et al., 2017). Five-day climate metrics included: 5-day temperature
mean, minimum, and maximum, 5-day prior average wind speed, average daily fastest
two-minute wind speed, and average fastest S-minute wind speed, and 5-day total
precipitation.
Habitat

To quantify land cover in the 100 m and 200 m foraging radii of Tree Swallow nest
boxes, we used the USGS National Land Cover Database (NLCD) 2016 land cover map
(Dewitz, 2016). The NLCD product provides land cover information at 30 m-pixel
resolution. We condensed the 16 land cover types offered by the NLCD into seven
relevant metrics for the wildlife sanctuary: developed land (paved surfaces and
buildings), forest, open field, freshwater marsh/wetland, open still water (ponds), and
river. Using Google Earth high resolution base maps in conjunction with the NLCD data
we created landcover maps of the area within 100 m radius and 200 m radius of each nest
box. For both the 100 m and a 200 m radius maps, we quantified the proportion of land
covered by each of the seven land cover types for each nest box using ImageJ (Burger &
Burge, 2015). We also measured the distance from each nest box to the two nearest boxes
in Google Earth, as a measure of box density.

Analyses

Aerial insect abundance and diversity
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All statistical analyses were conducted in R software version 3.6.3 (R Core Team
2020) and figures were made using the ggplot2, ggmpap, and ggpubR packages
(Hanzelmann et al., 2018; Kahle & Wickham, 2013; Wickham, 2016). We considered
results of statistical tests to be significant when p < 0.05. First, to determine if and how
weather impacted the number of insects captured daily, we performed simple linear
regressions of the count of insects captured daily with morning, evening, and average
wind speed and temperatures as well as the number of hours a net was deployed per day.
We compared mean monthly spring temperatures and total precipitation between 1991
and 2019 with T-Tests. We used linear regression to determine if there was a trend in
overall insect abundance over time during the 2019 breeding season. To quantify insect
diversity, Shannon-Weaver diversity indices were calculated for comparison between
May 1991 and May 2019 using the R package vegan (Oksanen et al., 2013). Our insect
capture and length data were non-normal, as determined by Shapiro-Wilk tests. As a
result, we employed Wilcoxon tests to compare insect abundance, length, and diversity
between May 1991 and May 2019.

Breeding phenology and success

The reproductive performance metrics included in analyses for the 1987-2019
data were clutch initiation day of year and clutch size. The data for the 2015-2019
sampling period include number of eggs hatched, hatching success (proportion of eggs
successful hatched out of total laid eggs in a nest), number of chicks fledged, and
fledging success (proportion of nestlings fledged out of successful hatches in a nest).

A. Over time
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We compared breeding phenology and success between our two time periods,
1987-1994 and 2012-2019, due to the large gap in collection between 1994 and 2012.
Our reproductive performance data were not normally distributed, as determined by
Shapiro-Wilk tests, and we employed Wilcoxon tests in the comparisons between time
periods. Clutch initiation phenology and clutch size were compared between these two
periods. Clutch initiation comparisons were performed both for all clutches laid
throughout a season and for early season clutches. Early season clutches included
clutches laid up to and including the mean lay data for the year, a method employed to
quantify shifts in early spring nesting phenology (Imlay et al., 2018). We then used linear
mixed effects models to investigate clutch initiation dates and clutch sizes over time
within each of the two time periods, with location of the box as a random effect.

B. With climate and habitat

We first examined the effects of climate and habitat on Tree Swallow clutch
initiation and clutch size from 1987-2019. In a separate analyses of reproductive
performance from 2015-2019 we investigated climate and habitat impacts on hatching
and fledging. We used a generalized linear mixed model approach to determine the
climate and land cover metrics that best predict Tree Swallow breeding phenology and
success, with nest box location as a random effect, using R package /me4 (Bates et al.,
2015). We performed backward stepwise model selection by Akaike information
criterion (AIC) to select the best fitting model using the R package cAIC4 (Saefken et al.,
2014).

1987-2019
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Reproductive performance from 1987-2019 was measured by clutch initiation day
of year (DOY) and clutch size. Early season clutch initiation, all clutch initiation, and
clutch size models were fitted using a Poisson distribution. The predictor variables for
our full model for clutch initiation included all monthly average climate variables
described previously, proportion of the area in the 200 m foraging radius of each box
covered by each of the seven NLCD land cover types, and year. The full model for clutch
size included the same metrics as well as clutch initiation DOY to account for well-
documented declines in reproductive success through the season (Wardrop & Ydenberg,
2003; Winkler & Allen, 1996). We include only the 200 m breeding radius in these
analyses as the nest boxes have been repaired and moved small distances throughout the
study duration and we cannot confidently describe the 100 m radius and distance to
nearest nest boxes for all 32 years. For each response variable we also constructed a null
model in which all predictor variables had zero coefficients for comparison to the best
and full models, to ensure our best fit models improved predictions and were not
overfitted. To test for autocorrelation within our models we performed Durbin-Watson
Tests on the full and best fit models. We then ran linear mixed effects models for
variables identified as significant predictors of reproductive phenology by the model fits
with clutch initiation with nest location as a random effect to quantify the magnitude of
the phenological trends.

2015-2019
In the years 2015-2019 we collected additional hatching and fledging data

through the breeding season. Our response variables in 2015-2019 include number of
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eggs hatched, hatching success, number of nestlings fledged, and fledging success. The
response variables number hatched and number fledged are discrete counts and models
were fitted using a Poisson distribution. Hatching success and fledging success are
proportions and models were fitted using a Gaussian distribution. The predictor variables
in our full models included all monthly average climate variables described above,
climate variables in the 5-days prior to the reproductive event, proportion of each of the
seven land cover types in the 200 m and 100 m breeding area for each nest, average
distance to the two nearest nests, clutch initiation DOY, and year. For each response
variable we also constructed a null model for comparison with the best fit model. To test
for autocorrelation within our models we performed Durbin-Watson Tests on the full and

best fit models.

RESULTS

Aerial insect abundance and diversity

In 2019 there was no significant relationship between number of insects captured
and temperature at dawn (F=1.94, p=0.19), dusk (F=0.73, p=0.41), or daily average
temperature (F=1.73, p=0.21). Similarly, there was no significant relationship between
number of insects captured and wind speed at dawn (F=0.59, p=0.46), dusk (F=0.014,
p=0.91), or on a daily basis (F=0.20, p=0.66). These results indicate that daily weather
did not significantly impact insect capture; this pattern is likely driven in part by our
inability to collect insect data during days with heavy precipitation. Insect capture also

did not vary significantly with daily net hours (F=1.66, p=0.22). Mean spring temperature
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(March, April and May) did not differ significantly between 1991 and 2019 (p=0.81), and
total spring precipitation (March, April and May) did not differ significantly between
time points (p=0.33). There was no significant trend in insect populations over time in
2019 that would indicate a change in total insect abundance during the breeding season
(F=0.43, p=0.50).

There was no significant difference in total insect abundance between May 1991
and May 2019 (W=130.5, p=0.94, Figure 3.2A). We also did not observe significant
differences in insect abundance between the two nest location sites between May 1991
and 2019 (Nature Center W=41, p=0.371; Wildlife Pond W=24, p=0.43). However, the
insect orders present in the samples varied between years, namely in the abundance of
Diptera (Figure 3.2B). In 2019 Dipterans made up 87.8% of the insect captured, while
Dipterans comprised significantly fewer of the 1991 insects at 55.7% of insects captured.
The Shannon-Weaver diversity of insects captured in 1991 was 1.44, and in 2019
diversity was 0.36. Accordingly, there was a significantly higher biodiversity of insect
orders in 1991 compared to 2019, calculated using the 5-day summed abundances
(W=57.5, p=0.008). Insect length of Diptera did not differ significantly between the two
time points (W=21.5, p=0.29). However, insect length was significantly larger for orders
other than Diptera in 1991 compared to 2019 (W=54, p=0.023). Thus the mean size of
insects captured, as measured by length, was higher in 1991 than 2019 (W=15, p=0.017).

Breeding phenology and success

A. Over time
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The results of our linear mixed effects models indicate during the 1987-1994 set
of breeding observations Tree Swallows laid eggs significantly earlier in the year over
time by a total of about 5 days over the seven-year period (t=-3.42, slope=-0.88),
representing an advance in spring phenology of 0.9 days year!. In the recent set of
breeding observations, 2012-2019, Tree Swallows laid their eggs significantly later over
time (t=2.29, slope=0.93), a delay of 0.9 days year'.

Despite the delay in egg laying in recent years, eggs were laid significantly earlier
in 2012-2019 compared to 1987-1992 for early season clutches (W = 9268.5, p < 0.001,
Figure 3.3A). Clutches laid throughout the season are also laid earlier in more recent
years than in the older set of data (W = 9268.5, p-value = 0.015, Figure 3.3B),
documenting an overall advance in egg-laying phenology. Average nest initiation day for
early season nests in 1987-1994 was May 13 + 3.3 days and average nest initiation day
for early season nests in 2012-2019 was May 9 + 4.5 days.

Clutch size was significantly higher in the 1987-1994 data than in 2012-2019 for
both the early season clutches (W = 3957, p-value < 0.001, Figure 3.4A) and clutches laid
throughout the year (W = 7698.5, p-value < 0.001, Figure 3.4B). Average clutch size in
1987-1994 was 5.5 £ 0.95 eggs/nest. Average clutch size in 2012-2019 is 5.0 + 1
eggs/nest. There was no significant relationship between year and clutch size in the 1987-
1994 data; however, there is a slight increase in clutch size over time in the more recent
2012-2019 observations, for both early season clutches (p=0.002, slope=0.12) and
clutches throughout the season (p=0.018, slope=0.10).

B. With climate and habitat
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1987-2019

The best fit model for early season clutch initiation, those laid up to and including
the mean clutch initiation date, indicates clutches are laid earlier in years with warmer
April and May temperatures, and egg laying has gotten earlier over time, but just by
about 0.01 days year! (t=0.150; Tables 3.1 and 3.2). Here, the rate of change of early
season egg laying with April temperature is 0.27 days earlier °C"! warming, and for May
temperatures 0.14 days earlier “C"! warming. However, we find that there is
autocorrelation in our early season clutch model, likely indicating that some nest boxes
are preferentially used early in the season annually.

Our best fit model for Tree Swallow clutch initiation for all clutches over the
1987-2019 time period included April and May temperature, April precipitation and
forest cover in the 200 m foraging radius (Table 3.2). Model coefficients indicate that
Tree Swallows breed earlier in warmer years and in nests with higher forest cover, and
initiate early season clutches later in years with higher April precipitation. The rate of
change in egg laying phenology with April temperature from 1987-2019 for all eggs laid
in a season is 0.17 days earlier °C"! of warming. The rate of change for all clutches with
May temperature is smaller in magnitude at 0.01 days earlier °C! of warming. April
precipitation delays egg laying by 0.16 days/cm of rainfall. Increased forest cover in the
200 m foraging radius advances egg laying by 0.17 days/percent forest land cover.

Clutch size during the 1987-2019 period was positively related to high maximum
May temperatures; however, it showed a negative relationship with mean May

temperatures. Clutch size was also predicted by clutch initiation date: clutches laid earlier
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in the year are larger than those laid later (Table 3.2). However, the best fit model did not
perform better than the null model, and we cannot confidently predict clutch size based
on climate and habitat conditions (Table 3.2).

2015-2019

Our best fit model for the number of birds hatched per nest included forest cover
in the 200 m foraging radius, with increased forest cover increasing number of successful
hatchings (Table 3.3). Hatching success was also best predicted by forest cover, but here
increased forest cover in the 100 m foraging radius is related to lower hatching success
(Table 3.4).

The top model for the total number of chicks fledged in nests in 2015-2019
included several climate metrics as well as habitat and temporal predictors (Table 3.3).
Between 2015 and 2019 total number fledged per nest significantly increased over time.
Total number fledged also declines throughout the season, with clutches laid earlier in the
season having higher fledging success than those laid later. Total fledge was increased
with increased distance to the nearest nests. Fledging success increased in nests with
more open water habitat in the 100 m foraging range and in boxes that are farther from
their neighboring nests, and decreased in years with high total April precipitation (Table

3.4). Fledging success has also increased significantly over time between 2015 and 2019.

DISCUSSION

The goals of our study were to investigate the integrated impacts of climate,

habitat, and insect abundance on Tree Swallow breeding phenology and success, and to
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determine if these anthropogenic changes in the breeding season are potential drivers of
Tree Swallow population decline. We did not observe a striking decline in insect
abundance between two time points, though there is evidence for a potential shift in the
diversity or relative abundance of insect orders during the breeding season as we found
significantly lower biodiversity in May of 2019 compared to May 1991. There have been
significant changes in reproductive performance of Tree Swallows over the past three
decades that are linked to short term climatic variation and land cover. Tree Swallow
reproduction is advanced in years with high early spring temperatures in April and May
and fledging success is lower in years with high spring precipitation. However, we did
not observe any clear trends of declining reproductive success with climate change
markers that would indicate an overall negative impact of warming temperatures and
increased rainfall on Tree Swallow reproduction. Local land cover in the nesting habitat,
namely forest cover and open water, as well as nest box management significantly impact
several stages of Tree Swallow breeding, particularly hatching and fledging success. This
study provides novel evidence for the importance of local-scale forging habitat around
artificial nest boxes as a predictor of reproductive performance in the species.
Aerial insect abundance and diversity

Insect abundance in the breeding season has been shown to impact aerial
insectivore reproduction in some cases (Cucco & Malacarne, 1996; Dunn et al., 2011;
Hussell & Quinney, 1987; Twining et al., 2018), but not others (Imlay et al., 2017). When
comparing insect abundances at our study site between two time points, we did not find

any evidence that aerial insect abundance is lower in 2019 than it was in 1991. We also
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saw no evidence for phenological mismatch between Tree Swallows and their prey in
2019, as prey abundances did not change significantly throughout the breeding season.
For our subsequent analyses we considered the similar aerial insect abundance between
time points to indicate that a dramatic change in prey availability is likely not a driver
reproductive performance.

We did observe a shift from representation of Hemiptera, Hymenoptera, and
Lepidoptera toward dominance by Diptera, true flies, in the insect samples in 2019
compared to 1991. This increase in the relative abundance of Diptera could represent a
decline in aerial insect biodiversity or a shift in spring phenology of insect flight—
however, as aerial insect abundance varies greatly with weather and over time, we do not
know if the difference in Dipterans between the two springs is within the natural range
for the order or if it represents a significant shift (Briers et al., 2003). Recent research has
suggested that prey quality, in addition to quantity, may also impact reproductive success
in aerial insectivores (Twining et al., 2016). A shift in breeding season insect availability
toward dominance by Diptera, which are typically small in size and low in the fatty-acids
required by egg laying females and nestlings, could limit availability of high-quality prey
items like Ephemeroptera and Nematocera to foraging birds (Mengelkoch et al., 2004;
Twining et al., 2018). A shift toward lower quality prey could impact Tree Swallow
reproductive performance at this site, but this hypothesis requires further investigation.

Reproductive performance

Egg laying phenology
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Tree Swallow egg laying phenology has advanced over time at Broadmoor. Mean
clutch initiation is 4 + 1.2 days earlier in more recent breeding observations than those
made three decades ago, a rate of change of 1.3 days decade™!. However, this advance did
not occur uniformly over the study period. Overwhelmingly the advance took place in the
older set of observations, from 1987-1994. In the recent set of observations, 2012-2019,
Tree Swallows delayed clutch initiation significantly by about 0.6 days year!. Though
several studies have documented advancing egg laying in Tree Swallows over time, this
finding of a recently delay in clutch initiation challenges the assumption that the species
is responding uniformly and consistently to global change by advancing reproductive
phenology across its range.

Tree Swallow reproductive phenology is advanced when there is increased forest
habitat in the 200 m foraging radius and with warming spring temperatures, but delayed
with increased precipitation. The amount of forested habitat near nest boxes has not
changed during the 32-year period of nest monitoring based on records of field mowing
and maintenance. Thus, this land cover relationship likely indicates that boxes near forest
have consistently been a more desirable nesting habitat. For aerial insectivores like Tree
Swallows, forest edges may represent a high quality habitat as they often have higher
insect abundance and diversity than other habitat types due to their heterogeneity
(Barbaro et al., 2014; Jokimaéki et al., 1998; Nguyen & Nansen, 2018).

Both early season clutches and those laid throughout the season are initiated
earlier in years with warmer April and May spring temperatures over the 32-years of

study. For example, Tree Swallows advance their egg laying phenology by 0.27 days/°C
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warmer mean April temperatures. The observed advances in egg laying with increased
temperatures are consistent with other studies of Tree Swallow reproduction (Ardia et al.,
2006; Dunn, 2004; Dunn & Winkler, 1999; Imlay et al., 2018), as well as many other
migratory bird species across North America (Englert Duursma et al., 2019). In warmer
springs many phenological events, including bird migration and insect emergence, occur
earlier in the year (Miller-Rushing et al., 2008; Polgar et al., 2013). The advance in Tree
Swallow egg laying with warmer temperatures likely tracks the advance in the emergence
of their flying insect prey (Dunn & Winkler, 1999). We also see that egg laying
throughout the season is delayed in years with high April precipitation. The negative
effect of precipitation on Tree Swallow clutch initiation is likely a result of the poor
foraging conditions created during rainstorms for aerial insectivores (Drake & Martin,
2020; Irons et al., 2017). Aerial insects do not fly when it is raining, leaving foraging
Tree Swallows with limited prey availability (Cox et al., 2019). This precipitation
relationship explains some of the 5-day delay in egg laying phenology observed over the
last 8 years, as April precipitation has increased significantly over this time period.
Clutch size

The total number of eggs laid per season at Broadmoor Wildlife Sanctuary
declined by about 0.5 + 0.12 eggs nest! between the 1987-1994 and 2012-2019 time
periods. For Tree Swallows nesting at Broadmoor, this decline is equivalent to losing
18% of eggs laid in a year. This decline is significant, and if similar reductions in clutch
size are present in other breeding populations it may have contributed to the overall

population decline observed in the region. However, there is not a clear relationship
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between climate and clutch size that indicates climate change is the driver of this
reduction in reproduction. Thus, our data do not support the hypothesis that climate
change is resulting in a decline in breeding performance of Tree Swallows. While we did
not capture the mechanism for the long-term decline in clutch size in this study, the trend
could be related to changes in prey quality, local pesticide use, or factors outside of the
breeding grounds like changes in the Tree Swallow wintering habitat, or during migration
(Bishop et al., 2000; Cox et al., 2014; Spiller & Dettmers, 2019).

Interestingly, despite the overall decline observed in mean clutch size between our
two time periods, clutch size has increased significantly from 2012-2019 by about 0.1
eggs nest™! year’!. In fact, mean clutch size in 2019 was not significantly different from
clutch size in 1987 (5.3 eggs nest "), meaning Tree Swallow reproductive success in this
population has, at least temporarily, rebounded from the decline documented over the last
three decades. Clutch sizes may have increased due to changes in the habitats of
Broadmoor Wildlife Sanctuary that have taken place over the last decade. In this study
we find open water habitats, like those created by beavers, are beneficial for Tree
Swallow fledging success. Concurrent to the increase in clutch sizes, beaver-created
wetland habitat has expanded at Broadmoor, and across New England (Btedzki et al.,
2011; Pasquarella et al., 2016; Standley, 2015). Early in the breeding season, Tree
Swallows’ foraging radius is not restricted to habitats near their nests and they can forage
for food at greater distances (Ankney, 1985; McCarty & Winkler, 1999). The expanded
open water habitat created by beavers at greater distances from nests may be beneficial

for egg laying. These habitats provide emergent aquatic insects when aerial insect
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abundance is otherwise low (Mengelkoch et al., 2004; Paquette et al., 2013; Twining et
al., 2018). Beavers have been shown to provide critical habitat for other species of
songbirds and cavity nesters in North America through nest site provisioning and
increased food availability (Aznar & Desrochers, 2008; Cooke & Hannon, 2012;
Longcore et al., 2007; Stringer & Gaywood, 2016). Although we did not find evidence
that habitat cover within the breeding season foraging distance of 200 m affects clutch
size, the increase in clutch sizes in recent years may be a result of expansion of wetland
habitats (Standley, 2015) that promote bird reproduction throughout the sanctuary.

The observed delay in the timing of clutch initiation and increased clutch size
over recent breeding seasons could also indicate that Tree Swallows are adjusting their
reproduction plastically to increase fitness, a response to anthropogenic change that has
been shown in other bird species (Beever et al., 2017; Crino & Breuner, 2015; Dorset et
al., 2017; Drummond & Ancona, 2015). Other migratory birds have been shown to
plastically adjust reproductive phenology to better match resource availability
(Goodenough et al., 2011; Mazerolle et al., 2011; Weidinger & Kral, 2007). Delaying egg
laying has the potential benefit of decreasing the likelihood that Tree Swallows will be
incubating or feeding chicks during the rainiest part of the breeding season and when
temperatures are most variable, typically April and early May (Cox et al., 2020;
Weegman et al., 2017). Our results show that Tree Swallows at Broadmoor are delaying
their egg laying in wetter springs, and maintaining high reproductive success despite

these delays. While reproductive plasticity and habitat change may be the drivers of the
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observed delay in phenology and increase in clutch size, because we did not capture the
mechanisms in this study, these hypotheses remain open for investigation.
Fledging and hatching success

In the more recent breeding seasons (2015-2019), we saw significant trends in the
later stages of reproduction with climate and nest habitat. Hatching success did not
change over time, but showed a nuanced relationship with forested land cover in the
foraging radius. Hatching was higher in nest boxes that have increased forest cover in the
200 m foraging radius, but lower in nests with high forest in the 100 m foraging radius.
The heterogeneity of forest edge habitat can promote insect diversity and create high
quality foraging habitat, as mentioned earlier (De Carvalho Guimaraes et al., 2014;
Terraube & Arroyo, 2011). However, Tree Swallows do not typically forage in wooded
areas, and as a result forested land adjacent to the nest box could limit the proximal area
available for foraging late in the breeding season (Robertson & Rendell, 1990; Tremblay
et al., 2005). This finding suggests placing nest boxes in habitats near 100-200 m, but not
within 100 m, from forest edges may improve hatching success in Tree Swallow nests.
There are tradeoffs associated with this management strategy however, as other cavity
nesting bird species like Eastern Bluebirds (Sialia sialis) and House Wrens (Troglodytes
aedon) also prefer nests near forest edges, and placing nest boxes near edges may
increase competition (Rendell & Robertson, 1990). Forest edges and fragments are also
associated with increased nest predation for some species (Chalfoun et al, 2002; Donovan

et al., 1999; Small & Hunter, 1988).



63

Number of successful fledges increased significantly over the 2015-2019 time
period by a total of 0.3 fledges nest™! year!. There were no clear trends that indicate
climate change, either through warming temperatures or increased precipitation, is related
to this increase in fledging. Fledging success was higher in nests with increased open
water habitat in the 100 m foraging radius of the nest box. The importance of open water
habitat in late reproductive stages likely indicates that open water habitats are of high
foraging quality when foraging is restricted to the habitat nearby nests late in the breeding
season (Ankney, 1985; McCarty & Winkler, 1999). Tree Swallows are known to utilize
open water foraging habitat and studies of nestling diet show Tree Swallow feed their
young a high proportion of insects with aquatic larval stages (McCarty, 1997;
Mengelkoch et al., 2004; Robertson et al., 1990; Twining et al., 2016). Further, Tree
Swallows increase foraging over pond habitats when weather conditions are poor
(McCarty, 1997). This indicates that open water habitat may help mitigate the negative
impacts of rainy springs, which we and others have found to lower fledging success
(Table 3.4), and may buffer Tree Swallows from the increased spring precipitation
expected to occur with climate change (Cox et al., 2019, 2020). Fledging is also higher in
boxes that are far from neighboring nests. Tree Swallows have been shown to
preferentially nest away from conspecifics, and nest clustering can decrease habitat
foraging quality by increasing competition for food (Muldal et al., 1985; Robertson &
Rendell, 1990). These findings clearly indicate nest box placement and land management

significantly impact Tree Swallow reproductive success.
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CONCLUSIONS

Our findings provide new insight into the impacts of climate, insect availability,
and habitat on a widespread but declining aerial insectivore, the Tree Swallow. Our
results document a significant decline in Tree Swallow reproductive success over the last
three decades in an Eastern Massachusetts conservation area, in the form of reduction in
clutch size. Over the same period, timing of clutch initiation of Tree Swallows has
advanced by 1.3 days decade! as a consequence of warmer temperatures over time.
Despite the significant decline in clutch size, we found no evidence to support the
hypothesis that anthropogenic changes, including climate, insect abundance, and land
management, are driving decreases in reproductive success. In fact, over the last 8 years,
clutch sizes and fledging success have increased, while reproductive phenology has
delayed by 5 days. These recent shifts may be a result of increased spring precipitation
delaying egg laying and habitat changes like the increase in beaver-created wetlands
enhancing food availability within the sanctuary. While our work did not capture the
mechanism for this recent rebound in reproductive success, it suggests we use caution
when generalizing patterns in reproductive performance of aerial insectivores observed
over long time periods. This study also highlights the importance of including local-scale
foraging habitat information in studies of aerial insectivore reproductive success. Habitat
in the foraging radius of nests, especially forest cover, open water, and distance to
neighboring nest boxes, was a significant driver of hatching and fledging success. In the
case of hatching success, nest placement has a stronger impact on success than climate.

The significant impact of nest placement on reproductive performance indicates that the
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many studies of Tree Swallows that utilize artificial nest boxes may be overlooking
crucial habitat-mediated trends in reproduction phenology and performance. Tree
Swallow reproductive performance is changing, but in this system these changes cannot
be attributed to widespread anthropogenic impacts, and instead are likely related to

smaller scale perturbations like habitat shifts and nest box management.
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TABLES AND FIGURES

Table 3.1. Model selection results for generalized linear mixed models that related
reproductive performance of Tree Swallows to measurements of climate and habitat at
Broadmoor Wildlife Sanctuary in South Natick, MA. Comparisons are presented between
the null, full, and best fit models. Bolded models have the best fits. Models marked *

were fitted using data collected from 1987-2019. Models marked > were fitted using data
collected from 2015-2019.
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Table 3.2. Model coefficients, SE, z and p values for the fitted models explaining the
relationships between temperature, precipitation, land cover and reproductive phenology
or performance for Tree Swallows between 1987 and 2019, bolded explanatory variables
are significant predictors of the response variable.
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Table 3.3. Model coefficients, SE, z and p values for the fitted models explaining the
relationships between temperature, precipitation, land cover and reproductive
performance for Tree Swallows between 2015-2019, bolded explanatory variables are
significant predictors of the response variable.
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Table 3.4. Model coefficients, SE, t and p values for the fitted models explaining the
relationships between temperature, precipitation, land cover and reproductive success for
Tree Swallows between 2015-2019, bolded explanatory variables are significant
predictors of the response variable.



71

Figure 3.1. (A) Locations of the 53 nest boxes monitored at Broadmoor Wildlife
Sanctuary in South Natick MA, USA. Red dots indicate boxes that were monitored from
1987-2019, and all dots (red and yellow) indicate boxes that were monitored from 2015-
2019. (B) the locations of the two insect nets deployed to measure aerial insect
abundance in 1991 and 2019 in the Nature Center and Wildlife Pond locations.
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Figure 3.2. (A) May insect abundance is not significantly different between 1991 and
2019 (p=0.94), however (B) Diptera make up a much higher proportion of the 2019
(p=0.004) insects than the 1991 insects (p=0.46). Comparisons between years and insect
orders were made using Wilcoxon tests. Points on the figures represent five day summed

insect counts, for the purposes of illustration, and statistics represent comparisons of all
observations.
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Figure 3.3. Tree Swallow clutch initiations were later in 1987-1994 compared to 2012-
2019 for (A) early season clutches (p<0.001) and (B) all clutches laid in a season
(p=0.015). Comparisons of phenology between the time periods were made using
Wilcoxon tests. Error bars represent 95% confidence intervals.
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Figure 3.4. Tree Swallow clutch sizes were larger in 1987-1994 compared to 2012-2019
for (A) early season clutches (p<0.001) and (B) all clutches laid in a season (p<0.001).

Comparisons between time periods were made using Wilcoxon tests. Error bars represent
95% confidence intervals.
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CHAPTER FOUR: INVESTIGATING THE EFFECTS OF ARTIFICIAL NEST
BOX MANAGEMENT ON REPRODUCTIVE PERFORMANCE OF TREE

SWALLOWS IN MASSACHUSETTS CONSERVATION AREAS

ABSTRACT

Bird populations in North America are declining rapidly. Habitat degradation,
climate change, and pesticide use are the primary drivers of this decline. Conservation
areas tasked with protecting threatened bird populations often erect artificial nest boxes to
mitigate nesting habitat loss. However, human intervention in nest site selection has the
potential to draw birds to nests subject to high predation, competition, or suboptimal
foraging habitat, leading to decreased reproductive success for already vulnerable
populations. Despite the value of nest boxes for conservation, the direct effects of nest
box management on cavity-nesting bird reproduction remain understudied. Here, we
examine the effects of nest box management on Tree Swallow (Tachycineta bicolor)
reproduction across seven Mass Audubon wildlife sanctuaries. Nest management is
defined as the habitat in the foraging radius of nest boxes, box density, and predation
control technique. We found that all three of these nest management measures
significantly impacted reproductive performance. Across conservation areas, Tree
Swallow fledging success was lower in nests near forest edges and developed land
compared to open field habtiats, and was higher in nests spaced 50 -100 m from
neighboring nests than in densely clustered nest boxes. Further, predation, the primary
cause of nest failure across reproductive stages, was significantly higher in boxes

protected by pole baffling than in boxes with greased poles. Our findings indicate that
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nest box placement and maintenance have the potential to both affect Tree Swallow
success and introduce bias into studies of cavity-nesting bird reproduction. By
incorporating nest management metrics into studies of reproductive success and using the
results to inform future management strategies, we can better understand and conserve

cavity-nesting birds with artificial nests by combatting nesting habitat loss.

INTRODUCTION

The dramatic declines in North American bird populations that have taken place
over recent decades are linked to human-driven environmental changes, including climate
change, pesticide use, domestic cats, and habitat loss and degradation (Bishop et al.,
2000; Bohning-Gaese et al., 1999; Loss et al., 2013; Rosenberg et al., 2019; Spiller &
Dettmers, 2019). Land development and agricultural expansion have reduced and
fragmented breeding habitat for many migratory bird species, which can limit the extent
of breeding populations and reproductive success (Blewett & Marzluff, 2005; Catry et al.,
2013; Donovan & Flather, 2002; Loss et al., 2015; Newton, 1994). Protecting and
actively promoting the varied breeding habitats of North America’s migratory bird
species is thus vital to maintaining bird populations in the face of future global change
(Newton, 2004; Runge et al., 2015). Erecting artificial nesting sites in conservation areas
has become a popular management strategy to combat habitat loss and promote bird
reproduction (Demeyrier et al., 2016; Shutler et al., 2012; Wiebe, 2011).

Nest boxes can increase reproductive success by creating nesting sites for a range

of cavity-nesting birds, which make up about 10% of all bird species (Katzner et al.,
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2005; Mainwaring, 2015; Mind et al., 2009; Newton, 1994; Norris et al., 2018;
Schlaepfer et al., 2002). In cavity-nesting song birds, reproductive success in nest boxes
often is not inherently different from that of natural nests (Norris et al., 2018; Robertson
& Rendell, 1990). However, when humans provide artificial habitat and intervene in
habitat selection by wildlife, there is the potential to attract animals to live in an
otherwise suboptimal area (Battin, 2004; Demeyrier et al., 2016; Mainwaring, 2015).
Nest boxes may draw birds to unsuitable habitats with low food availability, or make
nests vulnerable to predators and competitors, like mice, snakes, and invasive bird
species (Bailey & Bonter, 2017; Ratti & Reese, 1988; Sumasgutner et al., 2014). This use
of nest boxes can lead to lowered reproductive success and declines in survival of
nestlings and adult birds in already vulnerable populations (Mind et al., 2005). Here, we
compare success among artificial nest with varying management strategies to identify
management decisions that promote and reduce reproductive performance. Many studies
of cavity nesting bird reproduction utilize artificial nests, when natural cavities are
difficult to find or access (Jones, 2003). Few studies of cavity-nesting birds in artificial
nests take into account local-scale habitat surrounding the nests, nest box distancing, or
predator control mechanism employed on the nest boxes, all of which affect cavity
nesting bird reproduction (Mengelkoch et al., 2004; Stanton et al., 2016b).

Habitat in the breeding area and nest box density impact reproduction through
foraging quality and food provisioning (Ménd et al., 2009, 2005), while predator
exclusion devices have direct effects on survival of eggs and young (Norris et al., 2018;

Tozer et al., 2012). Prey availability proximal to nest sites is often habitat-dependent:
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when habitat near nests is of lower quality birds make more trips or forage farther
distances from their nests (Mills et al., 2020; Tremblay et al., 2005; Vickery et al., 1992).
Foraging at greater distances and for longer periods of time can have negative impacts on
reproduction and physiology (Catry et al., 2013; Olsson et al. , 2002). Low food
abundance in the breeding habitat negatively impacts reproductive performance in cavity
nesting birds of many life histories and prey preferences, like the House Sparrow (Passer
domesticus), Wryneck (Jynx torquilla), and Eurasian Kestrel (Falco tinnunculus)
(Coudrain et al., 2010; Peach et al., 2008; Sumasgutner et al., 2014). In addition to
habitat, the density in which nest boxes are established can impact competition for prey
and nest site selection (Serrano-Davies et al., 2017). Clustering nest boxes in high quality
habitats can lead to occupancy beyond the optimal breeding density and placing nests in
lower-quality habitat, like those with high human disturbance or low food availability,
can attract birds to unsuitable areas (Bruun & Smith, 2003; Ménd et al., 2005). Predation
is also a significant threat to cavity-nesting birds in both natural and artificial nests
(Christman, 1997; Etterson et al., 2007). Predator deterrents installed on artificial nest
boxes aim to keep climbing and flying predators from entering the nests, typically
through physical exclusion (Jones, 2003). Predator guards significantly increase the
probability of nest survival across cavity-nesting species. However, these devices vary in
effectiveness and human-made nest boxes may attract novel nest predators (Bailey &
Bonter, 2017; Moore & Robinson, 2004). Though predation is a common cause of nest
failure in studies utilizing artificial nest boxes, potential biases introduced by depredation

and attempts to exclude predators are rarely documented (Lambrechts et al., 2010). As a
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consequence of the importance of habitat quality and predation pressure to reproduction,
the benefits of nest site provisioning to cavity nesting species can be limited by the
placement and management of artificial boxes (Catry et al., 2013).

Here we examine reproductive success of a cavity-nesting species, the Tree
Swallow (Tachycineta bicolor), in artificial nest boxes erected in wildlife sanctuaries
managed by a single conservation organization, Mass Audubon (Box 4.1). Tree Swallows
are a secondary cavity-nesting bird, a species that cannot create its own cavity and
requires a pre-excavated nesting hole, that readily utilize nest boxes during the breeding
season (Robertson & Rendell, 1990). Due to the ease with which nest boxes can be
established and monitored, Tree Swallow reproduction has been widely studied across
biological disciplines (Cox et al., 2020; Moore & Robinson, 2004). Research on Tree
Swallows in artificial nesting habitats has contributed to foundational knowledge on
mating systems, reproductive behavior, environmental contamination, and climate change
(Jones, 2003).

Though Tree Swallows have been thoroughly studied, there has been little
consideration in the literature of the variation in reproductive performance that may arise
as a result of nest management itself, rather than external environmental factors. Here, we
examine Tree Swallow reproductive performance across habitat types and predator
control techniques to determine if nest box management significantly impacts
reproduction and identify nest management characteristics that promote reproductive

SUCCess.
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METHODS

Study sites

Mass Audubon is a conservation organization that manages wildlife sanctuaries
across Massachusetts, USA. About half of its 56 wildlife sanctuaries use nest boxes to
increase nesting habitat for cavity-nesting birds like Tree Swallows, Eastern Bluebirds
(Sialia sialis), House Wrens (Troglodytes aedon), and Black-capped Chickadees (Poecile
atricapillus). These structures are wooden boxes mounted on poles about 1.3 m above the
ground. Of the 24 sanctuaries with active nest boxes, we selected a seven subset to
include in this study based on availability of data on Tree Swallow reproductive
performance, common monitoring protocol, and the conservation objective of providing
nesting habitat for Tree Swallows, as opposed to birds with other cavity requirements—
nest box design can be changed to favor some species over others (Lambrechts et al.,
2010). The Cornell NestWatch program monitoring protocol was used by all wildlife
sanctuaries to monitor nest boxes (Bonney et al., 2009; nestwatch.org). The length of
time over which sanctuaries have collected data using a standardized method varies, and
as a result we will present analyses for two sets of sites. We first analyzed data from three
sites that monitored Tree Swallow reproduction from 2015-2019, including Broadmoor,
Drumlin Farm, and Ipswich River Wildlife Sanctuaries (Table 4.1). We then examined
trends in reproductive performance with habitat across seven wildlife sanctuaries that
collected nest box monitoring data in 2019. The seven sites are Broadmoor, Drumlin
Farm, Ipswich River, Arcadia, Allens Pond, Felix Neck, and Stony Brook Wildlife

Sanctuaries (Table 4.1 and Figure 4.1).
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Nest box monitoring at the wildlife sanctuaries took place annually beginning in
April and continuing until the last chicks fledged, typically early July. Nest monitors
were community scientists and researchers trained to collect nesting data. For the 2015-
2019 monitoring at Broadmoor, Drumlin Farm, and Ipswich River we extracted the
following information from data submitted to NestWatch: clutch initiation date, clutch
size, number hatched/nest, hatching success/nest (number hatched divided by clutch
size), number fledged/nest, and fledging success/nest (number fledged divided by number
hatched). We also extracted data on whether or not an obvious predation event occurred
in a nest; this was coded as a binary categorical variable (i.e., predation or no predation).
In the 2019 dataset from all seven wildlife sanctuaries we extracted similar information
from NestWatch, however predation information was not available for all sites so we did
not include predation in the analyses. The Tree Swallow reproduction data from 2019
includes clutch initiation, clutch size, hatching success, and fledging success. The number
of nesting records available for each site is summarized in Table 4.1.

Climate data

Tree Swallow reproductive timing and success is sensitive to short term climatic
events during the breeding season, namely temperature and precipitation (Cox et al.,
2019; Dunn & Winkler, 1999; Imlay et al., 2018, Chapter 3). Though we were primarily
interested in nest box management and habitat impacts on reproductive success, we
included relevant climate metrics to account for this biological responsiveness to
environmental conditions across sites in our analyses of nest performance from 2015-

2019. Climate data was obtained from the Blue Hills Observatory in Milton, MA, USA
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(23 km from Broadmoor, 28 km from Drumlin, 48 km from Ipswich). We included
monthly mean, maximum and minimum temperature and total precipitation for March,
April, May, and June in our analyses of reproductive performance at three wildlife
sanctuaries from 2015-2019.

We did not include temperature and precipitation in our analysis of reproductive
performance between the seven wildlife sanctuaries in 2019. In these analyses we were
interested in broad trends driven by nest box placement, we therefore statistically
accounted for any differences that may have arisen due to temperature and precipitation,
predation, or other by-site metrics we did not measure for all seven sanctuaries with the
interaction term of site.

Nest management metrics
Habitat

Our measurements of nest site management included local habitat, nest box
density, and predator control technique. Tree Swallow foraging habitat typically becomes
limited to the 100-200 m radius of their nest during the breeding season (Ankney, 1985;
Kuerzi, 1941; McCarty & Winkler, 1999). We developed an approach to map land cover
in these biologically relevant distances from the nest boxes using the USGS National
Land Cover Database (NLCD) 2016 land cover map in conjunction with 2019 Google
Earth images of the sites (Dewitz, 2016; Figure 4.2). The NLCD product provides land
cover information for 16 land cover types at 30 m-pixel resolution. The Google Earth
images were used as high-resolution base maps (Figure 4.2A). We used ImageJ to map

the proportion of each foraging radius covered by the land cover types offered by the
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NLCD that were present in our habitats (Burger & Burge, 2015; Figure 4.2B). We altered
some NLCD habitat types to better represent Tree Swallow habitat use in the breeding
season by grouping some land cover variables, and making more detailed descriptions of
“open water.” The NLCD land cover types we measured within the 100 m and 200 m
radii of nest boxes are listed here, with NLCD land cover types listed and a description of
the land cover in parentheses: development medium intensity (paved surfaces),
development low intensity (commercial and residential buildings, developed land),
grouped deciduous, evergreen and mixed forest (forest), grouped grassland/herbaceous
and pasture/hay (field), emergent herbaceous wetland (freshwater marsh), open still
water, moving fresh water (rivers and streams), and salt water (bay) (Burger and Burge
2015; Figure 4.2C).

To reduce the number of land cover variables in our analysis and reduce
multicollinearity among the land cover types, we conducted a principal component
analysis (PCA) using the R package factoextra (Kassambara & Mundt, 2017; Lees &
Peres, 2006). We performed two separate PCA analyses, one for the land cover data at
Broadmoor, Drumlin Farm, and Ipswich River only, and one for the land cover data
across all seven sites. We chose to perform two PCAs because the three sites with
multiple years of nest monitoring data, Broadmoor, Drumlin Farm, and Ipswich River,
contained a subset of the land cover types present across the larger set of sites (Table
4.2).

Broadmoor, Drumlin Farm, Ipswich River 2015-2019
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In the PCA that included Broadmoor, Drumlin Farm, and Ipswich River we
identified four principal component axes with eigenvalues > 1.0 (Table 4.2). In general,
the loadings for the four principal component axes indicated that the first (PC1) was
related to marsh, field, and open still water in the 100 m and 200 m radii of nests; PC2
included paved and developed land in the 100 m and 200 m radii; PC3 included moving
water in the 200 m radius and forested land in the 100 m radius; and PC4 included forest
habitat in the 200 m radius. In PC1 and PC3, higher values indicated increased presence
of that land cover type. In PC2 and PC4, higher values indicated less of the land cover
types in the foraging area.

Seven Mass Audubon sanctuaries 2019

The land cover PCA across the seven sites also identified four principle
component axes with eigenvalues > 1.0, and yielded similar component loadings. PC1
was related to open still fresh water and marsh in the 100 m and 200 m foraging radii;
PC2 included moving fresh water in the 100 m and 200 m foraging radii; PC3 included
paved and developed land in the 100 m and 200 m radii; and PC4 included forest and
field in the 100 m and 200 m radii (Table 4.3). In PC1 and PC3, higher values indicated
increased presence of land cover of that type. In PC2 and PC4, higher values indicated
less of the land cover types in the foraging area.

Nest box density

At Broadmoor, Drumlin Farm, and Ipswich River we gathered information on the

density and predation control metrics for the nest boxes. Nest box density was measured

by the average distance from each nest box to the two nearest boxes. To further
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investigate the relationship between nest box distancing and reproductive performance, as
well as produce straight forward management recommendations, we also binned the nest
distances into 50 m groups for some analyses (i.e., 0-50 m, 50-100 m, etc.).
Predator deterrence

To prevent climbing predators from entering nests and consuming the eggs or
young, Broadmoor Wildlife Sanctuary employs a pole greasing method (Figure 4.3A),
while Drumlin Farm and Ipswich River use stovepipe baffling (Figure 4.3B). Both
techniques deter climbing predators: greasing by making a portion of the pole impassable
with a synthetic grease and stovepipe baffling creates a physical barrier to reaching the
nest that is typically made of a smooth material like metal (Bailey & Bonter, 2017).
Predation control method was coded as a binary categorical variable (i.e., greasing or
baffling).

Statistical analyses
Reproductive performance with predation, site, and over time 2015-2019

All statistical analyses were conducted in R software version 3.6.3 (R Core Team
2020) and figures were made using the ggplot2, ggpubr, and ggmap packages (Kahle &
Wickham 2013, Wickham 2016, Hanzelmann et al. 2018). Reproductive performance
and predation events were first compared between the three sites, and then with predator
control techniques. Through Shapiro-Wilk tests we determined that all of our data are
non-normally distributed. We used Kruskal-Wallis tests with Wilcoxon test post-hoc
pairwise comparisons to compare the early season clutch initiation dates, all clutch

initiation dates, clutch size, number hatched, hatching success, number fledged, and
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fledging success between the three sites (Figure 4.4). Early season clutch initiation
analyses included all clutches initiated up to and including the mean initiation date. We
then compared the hatching success and fledging success between predator control
technique using Wilcoxon tests.
Reproduction with climate and nest box management 2015-2019

We employed a generalized linear mixed model approach to determine the
climate and nest management metrics that best predict Tree Swallow breeding phenology
and success using the R package Ime4 (Bates et al., 2015). Seven total models were
constructed: the response variables clutch initiation, early season clutch initiation, clutch
size, number hatch, and number fledge models were fitted using a Poisson distribution,
and hatching success and fledging success were fitted using a Gaussian distribution. Nest
box location was included in each full model as a random effect. We performed
backward stepwise model selection by Akaike information criterion (AIC) to select the
best-fitting model using the R package cAIC4 (Saetken et al., 2014). The full models for
clutch initiation included monthly mean, maximum and minimum temperature and total
precipitation for March, April, and May, predator control type, if a predation event
occurred, distance to the nearest two boxes, the four principle components that represent
habitat (Table 4.2), year, an interaction term for year and site to account for differences in
breeding performances between the three sanctuaries, and nest box number as a random
effect. The full models for clutch size, number hatched, hatching success, number
fledged, and fledging success also included clutch initiation date to account for the

seasonal decline in breeding performance characteristic of the species (Winkler & Allen,
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1996). We also ran a null model, in which all predictor variables had zero coefficients,
for each response variable to compare model fits between the null, full, and best fit
models. To test for autocorrelation within our models we performed Durbin-Watson
Tests on the full and best fit models.

For the reproductive performance metrics that were found to be significantly
related to nest distancing we compared the reproductive metric of interest across our
binned nest distance groups using Kruskal-Wallis tests with Wilcoxon test post-hoc
comparisons.

Reproductive performance with site in 2019

To assess the impact of habitat type surrounding nests across a wider spatial scale
on reproductive performance in 2019, we compared reproductive performance across the
seven wildlife sanctuaries with land cover in the foraging radius. To compare clutch
initiation dates, clutch size, hatching success, and fledging success between the seven
conservation areas we used Kruskal-Wallis tests and Wilcoxon test post-hoc pairwise
comparisons between individual sites and the mean reproductive performance metric
across sites.

Reproductive performance with nest box habitat across seven sites in 2019

We used linear regression to investigate the relationship between the land cover
principal components (Table 4.3) and reproductive performance across the seven wildlife
sanctuaries, including an interaction effect of location to account for differences in
reproductive performance between the sites that may be driven by climate, predator

deterrent, predation, or another by-site metric. We do not have information on predation
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events for all sites in 2019 but were interested in exploring trends in nest success with
land cover. In cases where a land cover type principal component was significantly
related to reproductive performance, we quantified nest failure in nest boxes with and
without the primary land cover type represented by that principal component in the
breeding radius. Nest failure occurs when no offspring successfully leave the nest, and
likely encompasses predation, nest abandonment, and starvation events, among other less

common causes of mortality.

RESULTS

Reproductive performance with site, over time, and predation 2015-2019

There was a significant difference in clutch initiation between the three sites
(¢>=7.18, p=0.03). This significance is driven by the early clutch initiation dates at
Broadmoor compared to Drumlin Farm (p=0.01, Figure 4.5A), while Ipswich River does
not differ significantly from either site (p>0.05). Mean clutch initiation date across the
years 2015-2019 was 137.5+12, 139.94£9.7, and 141.2+14.2 for Broadmoor, Drumlin
Farm, and Ipswich River, respectively. Early season clutch initiation also differed
significantly across sites (y=11.59, p=0.003). Early season egg laying phenology at
Drumlin Farm was significantly later than Broadmoor (p=0.001) and Ipswich River
(p<0.01); Broadmoor and Ipswich River phenology did not differ (p=0.49. Figure 4.5B).

Reproductive success varied between the three sites over the 2015-2019 period.
Predation events occurred significantly more frequently at Ipswich River than at

Broadmoor or Drumlin Farm over the 5-year period (p<0.01). Clutch size differed
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significantly across sites (x°=13.66, p<0.01), with significantly lower clutch sizes at
Ipswich River (mean 4.6£1.3) than at Broadmoor (mean 5.2+0.8, p<0.01); Drumlin Farm
clutch sizes did not differ significantly from either site (mean 4.9+1.1). Total number of
hatch and hatching success differed across sites (total hatch: ¥>=69.54, p<0.01; hatching
success: ¥*=67.02, p<0.01). Broadmoor had the highest number of young hatched per
nest, followed by Drumlin Farm, and then Ipswich River; all differences between sites
were significant (Figure 4.6). Number of chicks fledged per nest differed across the sites
(¢*=50.10, p<0.01, Figure 4.7A). Number of chicks fledged at Ipswich River was
significantly lower than Broadmoor (p<0.01) and Drumlin Farm (p<0.01), however
number fledged at Broadmoor and Drumlin were not significantly different (p=0.71).
Fledging success followed the same pattern (Figure 4.7B).

Hatching success was significantly higher in the nests that employed a pole
greasing strategy, which are located at Broadmoor (0.88+0.39 hatches clutch™), than
nests with pole baffling, at Drumlin Farms and Ipswich River (0.61£0.21 hatches clutch
1; W=11788, p<0.001, Figure 4.8A). Similarly, fledging success differed significantly
between groups (W=16521, p=0.0003), and was higher in the greased boxes (0.65+0.38
fledges hatched™!) than the baffled (0.48+0.45 fledges hatched™!; Figure 4.8B).

Reproduction with climate and nest box management 2015-2019

The significant predictors in our top model for clutch initiation included April
mean maximum temperature, year, and distance to nearest neighboring nest boxes
(Tables 4.4 and Table 4.5). Model coefficients indicated that clutches were laid later over

time between 2015 and 2019 across the sites. Clutches were also laid later in the year
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with warmer mean maximum April temperatures. Clutches were laid earlier in nest boxes
nearer to neighboring nests compared to those spaced further apart. The top model for
early season clutch initiation, eggs laid up to and including the mean lay date, indicated
that clutches are laid earlier in the year with warmer mean April temperatures across sites
and reproductive phenology differed across nest boxes (Table 4.5). We also see that
significant autocorrelation exists in our full and best fit models for early season clutch
initiation (Table 4.4).

The top model for clutch size shows that number of eggs laid is best predicted by
clutch initiation date, where clutches laid earlier in the season are larger than those laid
later, and nest box number (Table 4.5). We also see that significant autocorrelation exists
in our full and best fit models for cutch size, indicating there are some nest boxes that are
consistently occupied earlier and thus have larger clutch sizes (Table 4.4). Predation was
present in the best fit model with a coefficient that indicates a negative impact of
predation on clutch size, however this factor was not a significant predictor within the
model.

Number of young hatched was significantly predicted by clutch initiation date, as
well as predation and interaction between year and site (Table 4.5). More young hatch per
nest in clutches laid earlier in the year across sites, and over the 5-year time period
clutches were significantly smaller at Ipswich River than at Broadmoor and Drumlin
Farm. Nest predation had a negative impact on number of chicks hatched. Hatching
success was best predicted by total April precipitation, predator control metric, predation,

and distance to nearest boxes. Hatching success is lower in years with high April
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precipitation and in nest boxes that experienced predation (Table 4.6). Hatching success
is higher in nest boxes that are guarded with greased poles than those with baffled poles
and with increased distance to neighboring nests.

The best fit model for number of chicks fledged per nest includes April total
precipitation, April mean and mean maximum temperature, PC4 (representative of forest
cover in the foraging radius), clutch initiation, predation, and the interaction of year and
site (Table 4.5). More chicks fledge in years with lower April precipitation, higher mean
maximum April temperature, and lower mean April temperatures. Clutches laid earlier in
the year yield more chicks fledged, as do nests that do not experience predation. Land
cover type PC4 is positively related to number fledged, indicating less forested land in
the foraging area leads to a higher number of chicks fledged, and number fledged is
higher in nests that are at a lower density. Ipswich River displayed lower total numbers of
birds fledged than Broadmoor and Drumlin Farm from 2015-2019. Fledging success is
highest in years with warmer mean maximum April temperatures, but lower mean
temperatures (Table 4.6). Decreased forest foraging habitat is positively related to
fledging success, as represented by the relationship with PC4. Fledging success is higher
in nest boxes that are at a greater distance from neighbors and in nests that do not
experience predation. Like total number fledged, fledging success was lower at Ipswich
than Broadmoor and Drumlin during the study period.

Nest box distancing was significantly related to hatching and fledging success
(p=0.04). Though the model results show that success is higher in nests at greater

distances from neighboring boxes, there are more nuanced results. Hatching success was
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highest in boxes within 50 m of neighbors, and lowest at distances from 200-400 m
(Figure 4.9A). Fledging success also varied with box distancing, and was highest in nests
within 50-100 m of neighbors (Figure 4.9B).
Reproductive performance across seven sites in 2019

Clutch initiation varied significantly across the seven wildlife sanctuaries
(x*=35.4, p<0.0001). Clutches were laid significantly earlier at Broadmoor (DOY
136+11.9) and later at Arcadia (DOY 173£35.9; Figure 4.10). Clutch sizes varied
significantly across sites in 2019 as well (3>=22.93, p=0.0008). Clutches were
significantly larger at Broadmoor (5.38+0.87 eggs nest!) and lower at Ipswich
(4.15£1.59 eggs nest'1) and Arcadia (3+1.00 eggs nest™) ; the remaining sites’ clutch
sizes did not differ significantly from one another (Figure 4.11). Hatching success also
varied significantly in 2019 (x°=34.86, p<0.001) following a similar pattern to clutch
sizes, with the highest hatching success at Broadmoor and the lowest at Ipswich River
(Figure 4.12A). Fledging success varied as well (3>=47.13, p<0.001), the highest fledging
success occurred at Allens Pond (0.78+ 0.4 fledged hatched™!) and the lowest at Ipswich
River (0.1£0.24 fledged hatched!; Figure 4.12B).

Reproductive performance with nest box habitat across seven sites in 2019

In our assessment of reproductive performance with land cover in the 2019
breeding season across our seven sites we found a significant impact of PC3, which
represents paved and developed land, on reproductive success. PC3 was negatively
related to hatching success across sites (t=10.68, p=0.037) and to fledging success (t=-

2.45, p=0.016), indicating more paved and developed land in the foraging habitat leads to
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lower success. No other land cover variables were significantly related to reproduction
across sites. Paved habitat in the 200 m foraging radius is the land cover type most
representative of PC4, with higher paved habitat land cover in higher PC4 values. In
2019, 50 of the 121 total Tree Swallow clutches were laid in nest boxes with paved
habitat in the 200 m foraging radius. Of these 50 nests, 52% failed. Of the remaining

nests without paved habitat in the foraging radii, 15% failed.

DISCUSSION

The goal of this study was to determine whether artificial nest box management,
as measured by land cover in the foraging radius of the nest, nest box density, and
predator control method, affects Tree Swallow reproductive performance across multiple
conservation areas. We found a significant effect of nest management on reproductive
performance of Tree Swallows through the breeding season, across years, and across
sites. In particular, nest boxes placed near forested, paved, or developed land showed
reduced reproductive success compared to boxes in open field and water habitats, nests
placed within 50 m of neighboring boxes showed reduced fledging success, and nest
success was lower in baffled nest box poles than those that were greased. These effects
have the potential to directly impact Tree Swallow reproduction as well as introduce
place and predation biases into studies of reproduction using artificial nests. We also
found evidence that forested and paved nest box habitats are associated with lowered

reproductive performance in Tree Swallows. We identified several management
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strategies that are positively related to success and have the potential to promote Tree
Swallow reproduction.
Reproductive performance with climate, site, and over time 2015-2019

Our results show that in addition to the impact of nest management, there were
trends in reproductive timing and success of Tree Swallows with climate, time, and site.
Climate impacted Tree Swallow reproduction at many stages, which is consistent with a
large body of research on Tree Swallows (Jones, 2003). Early season clutches were laid
earlier in years with warmer mean April temperatures, a trend seen across Tree Swallow
studies (Ardia, 2007; Dunn and Winkler, 1999; Imlay et al., 2018). The timing of egg
laying had an effect on breeding success, in which clutches laid earlier in the season have
higher clutch sizes, hatching and fledging success, a finding that is also consistent with
the literature (Wardrop & Ydenberg, 2003; Winkler & Allen, 1996). These trends with
temperature and breeding season progression are characteristic of Tree Swallows and
many migratory bird species (Englert Duursma et al., 2019; Harriman, Dawson,
Bortolotti, & Clark, 2017).

In addition to trends with air temperature and over time, we observed a significant
difference in reproductive performance between sites that could not be fully explained by
nest box management, as our models generally explained about 20% of the variation in
reproductive performance. Even when accounting for climate, nest management, and
predation events, nests at Ipswich River were significantly less successful from 2015-
2019 than those at Broadmoor and Drumlin Farm, as well as among the seven sites in

2019. Ipswich River did report the highest levels of predation and it is possible there were
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additional predation events that were undocumented. Of the 76 clutches that failed at
Ipswich River from 2015-2019, 23 of them were confirmed predation events. Data on
additional predation may have not been included in the monitoring due to community
scientists not observing signs of a predator attack. Predation is the most common cause of
nest failure. However parasitism, abandonment, and nestling starvation also lead to nest
failure and may contribute to the differences in reproductive success observed between
the sites (Etterson et al., 2007; Taylor et al., 2018).
Reproduction with nest box management 2015-2019
Habitat
In our analyses of the 2015-2019 breeding seasons of Broadmoor, Drumlin Farm,
and Ipswich River there was a negative relationship between fledging success and
amount of forested habitat in the 100 m and 200 m foraging radii of the nest boxes. When
live young are present in the nests, some bird species, including Tree Swallows, restrict
their foraging radius to remain closer to their nests and vulnerable young (Ankney, 1985;
Frey-roos et al., 1995; McCarty & Winkler, 1999; Steiner & Spaari, 2001). As Tree
Swallow foraging habitat becomes restricted through the breeding season, nest boxes
with forest edge in their foraging radius may be of lower quality foraging habitat than
those without. In bird species, parents that stay closer to their nests when young are
present have higher reproductive success (Boersma & Rebstock, 2009; Gilroy et al.,
2009). Tree Swallows forage for insects while in flight, typically in open fields and
ponds, not forested areas (McCarty & Winkler, 1999; Rendell & Robertson, 1990). The

presence of forest in the foraging habitat may limit the area in which individuals can



96

forage, forcing parent birds to fly further from their nests to feed, or reducing
maneuverability in flight, all of which could impact reproductive success (Catry et al.,
2013; Tremblay et al., 2005). The reduction in fledging success near forest edges
indicates erecting nest boxes in these habitats is not optimal for Tree Swallow
reproductive success. Our results suggest Tree Swallow nest boxes should be placed in
habitats without forest within the 200 m foraging radius.
Nest box density

The pattern of clutches being initiated earlier in nests in densely-clustered nests.
This may be a result of land managers preferentially placing clusters of nests in high
quality habitat that attracts birds (Ménd et al., 2005; Muldal et al., 1985). Later in the
season we saw the general trend that hatching and fledging success are higher in nest
boxes that are spaced further apart. However, when we further examined hatching
success with box distancing, we did not see any clear pattern that indicates boxes should
be spaced at great distances from neighbors (Figure 4.9A). Trends in fledging with box
distancing, however, do indicate boxes should be placed 50-100 m apart to promote
success (Figure 4.9B).

Predator deterrence

Predation and predator control metrics significantly impacted reproductive
success at all stages following egg laying. Intuitively, nests that experienced predation
had lower success than those that did not, and predation varied significantly across
predator control metrics and sites. Broadmoor employed pole greasing to deter predators

and had the lowest incidence of predation among the three sites for which we have
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predation information. Only 5% of the nests at Broadmoor were recorded as having
experienced obvious predation from 2015-2019. This low predation rate with greased
poles contributed to the significantly higher hatching success at Broadmoor compared to
the other two sites, Drumlin Farm and Ipswich River, used nest box pole baffling as a
predator control technique. Over the 5 years of study 14% of nests experienced predation
at Drumlin Farm and 22% at Ipswich River. This difference may be caused by
differences in predator density, competition, or maintenance of predator deterrent
structures between the sites (Bailey & Bonter, 2017). This large difference in predation
occurrence between predator control types, and as a result nest failure, has the potential to
introduce bias into studies if not accounted for. Predation and predator control method
must be included in studies of cavity-nesting birds nesting in artificial boxes to accurately
describe reproductive ecology.

Across sites and predator control methods, the nest boxes in these conservation
areas have much lower predation rates than birds nesting in natural cavities, which is
typically as high as 85% (Christman, 1997; Demeyrier et al., 2016; Miller, 2002; Meller
& Moller, 1989). Erecting artificial nest boxes in sites with high predation or inadequate
predator control measures may yield compromised information about reproductive
performance if predation is not documented appropriately (Moore and Robinson 2004).
However, because predation in our managed nest boxes remains much lower than records
from natural cavities, a finding consistent with studies of other cavity nesting species
including Flycatchers (Ficedula sp.) and Tits (Parus sp.), we find no evidence nest boxes

are trapping birds in high predation environments.
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Reproductive performance with nest box habitat across seven sites in 2019

We saw a relationship between nest box placement and reproductive success
across the seven wildlife sanctuaries in 2019. Across the seven sites we found a negative
impact of paved and developed land on hatching and fledging success for Tree Swallows.
Birds nesting in these boxes may be negatively impacted by park visitors, roads, and
other frequent disturbance in their foraging radius (Dietz et al., 2013; Fernandez-Juricic,
2000; Murison et al., 2007). Tree Swallows readily nesting in these suboptimal habitats
indicates that availability of nest sites is more limiting than habitat quality.

Human disturbance is often associated with declines in reproductive performance
in bird species through nest abandonment (Beale & Monaghan, 2004; Bolduc &
Guillemette, 2003; Robert & Ralph, 1975). Across all seven sites in 2019, over 50% of
nests with paved or developed land in the 200 m foraging radius failed, while nest failure
occurred in only 15% of boxes with no development in the foraging radii. As these data
are from a single breeding season, we cannot determine that nest failure is related to
human activity more broadly than our sites; however, we can document the trend toward
lower occurrence of nest failure away from paved and developed land, and recommend

nest boxes be placed at least 200 m from these areas.

CONCLUSIONS
Results from this study demonstrate that habitat in the foraging radius, nest box
density, and predation control methods all significantly impact Tree Swallow

reproductive performance, even when accounting for climate and site differences.
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Further, the placement and distancing of nest boxes have the potential to attract birds to
nest in habitats associated with reduced reproductive success. These results suggest the
specific life histories of cavity nesting birds, such as foraging radius and land cover
preference, should be taken into account when placing artificial nesting structures. In the
case of Tree Swallows, nest boxes should be placed at least 200 m from developed land
and forest edges, and at least 50 m from neighboring boxes (Box 4.2). We encourage
managers who create artificial nesting habitat for Tree Swallows and all cavity nesting
bird species to investigate the biology of their focal species (e.g. foraging habitat,
intraspecific competition), manage nest structures accordingly, and monitor reproductive
performance in those nests to enhance the already productive conservation tool.
Cavity-nesting birds are often used as model organisms in field ecology due to the
ease with which nests can be monitored. Most of the research on the breeding biology of
the species is done in artificial nest boxes. Ignoring the human-managed habitat, nest
densities, and predation risk in studies of breeding Tree Swallows may result in
inaccurate or incomplete conclusions. Going forward, researchers utilizing Tree
Swallows, and all other cavity-nesting bird species in artificial nest boxes, to investigate
new and exciting ecological questions should include nest management metrics in their
analyses. This work will not only provide more complete interpretations of results, but

also better inform management best practices for species threatened by habitat loss.
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FIGURES AND TABLES

Table 4.1. Descriptions of the seven Mass Audubon wildlife sanctuaries that monitor
Tree Swallow reproductive performance in nest boxes. Shading indicates sites that have
multiple years of monitoring data. Unshaded rows indicate site data is available for 2019.
For sites that have multiple years of nesting data, the number of nest records in 2019 are
listed in parentheses.
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Table 4.2. Principal component (PC) loadings for land cover variables across Broadmoor,
Drumlin Farm, and Ipswich River. The first four PCs had eigenvalues >1.0 and were used
to model the relationship between habitat and reproductive performance in Tree
Swallows. Bolded values indicate the highest loading for each variable.
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Table 4.3. Principal component (PC) loadings for land cover variables across the seven
Mass Audubon wildlife sanctuaries. The first four PCs had eigenvalues >1.0 and were
used to model the relationship between habitat and reproductive performance in Tree
Swallows. Bolded values indicate the highest loading for each variable.
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Table 4.4. Comparison of the null, full, and best fit models for the seven generalized
linear mixed models explaining the relationships between temperature, precipitation, nest
management and reproductive phenology or performance for Tree Swallows between
2015-2019 at three Massachusetts conservation areas, Broadmoor, Drumlin Farm, and
Ipswich River.
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Table 4.5. Model coefficients, SE, z and p values for the fitted models explaining the
relationships between temperature, precipitation, nest management and reproductive
phenology or performance for Tree Swallows between 2015 and 2019 across three
Massachusetts conservation areas, Broadmoor, Drumlin Farm, and Ipswich River. Bolded
explanatory variables are significant predictors of the response variable.
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Table 4.6. Model coefficients, SE, z and p values for the fitting models explaining the
relationships between temperature, precipitation, nest management and reproductive
phenology or performance for Tree Swallows between 2015-2019 at three Massachusetts
conservation areas, bolded explanatory variables are significant predictors of the response
variable.
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Figure 4.1. The locations of the seven Mass Audubon wildlife sanctuaries monitoring
Tree Swallow reproductive performance (A) relative to New England and (B) within

Massachusetts, USA.
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Figure 4.2. (A) Land cover map of Broadmoor wildlife sanctuary in South Natick, MA,
USA. Land cover habitat types were mapped using the 2016 USGS National Land Cover
Database land cover map with 2019 Google Earth images as base maps. (B) 200 m
foraging radius around nest box at Broadmoor Wildlife Sanctuary. (C) The legend for the
eight NLCD land cover types that were mapped across seven Mass Audubon wildlife
sanctuaries.
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Figure 4.3. (A) Baffling and (B) pole greasing are both predator deterrent strategies that
prevent animals from climbing up the pole and into nests. Baffling is typically made from
a smooth metal and creates a physical barrier to climbing predators, while greasing makes
a portion of the pole impassable with the application of synthetic grease. Animals that
commonly inhibit Tree Swallow reproductive success New England are (C top to bottom)
House Sparrows (Passer domesticus), black rat snakes (Pantherophis obsoletus), and
deer mice (Peromyscus maniculatus). Rat snakes and deer mice are targeted by baftling
and pole greasing, while House Sparrows are not. Broadmoor, Drumlin Farm, and
Ipswich River control House Sparrow presence by removing nests the species build in
nest boxes.
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Figure 4.4. Density distribution of (A) clutch initiation (DOY), (B) clutch size (eggs nest’
1, (C) number hatched per nest (hatched nest™!), (D) number fledged per nest (fledged
nest™!) , (E) hatching success (number hatched clutch™), (F) fledging success (fledged
hatched™!) data from 2015-2019 at Broadmoor, Drumlin Farm, and Ipswich River
Wildlife Sanctuaries.
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Figure 4.5. Clutch initiation day of year at Broadmoor, Drumlin Farm, and Ipswich River
Wildlife Sanctuaries from 2015-2019 for (A) all clutches laid in a season and (B) early
season clutches laid up to and including May 19. Kruskal-Wallis test compare clutch
initiation across the three sites, and Wilcoxon test pairwise comparisons reveal
differences between sites. Error bars represent 95% confidence intervals.
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Figure 4.6. Comparisons of hatching from 2015-2019 at Broadmoor, Drumlin Farm, and
Ipswich River measured by (A) number of young hatched per nest and (B) hatching
success (percent of eggs successful hatched out of total laid eggs in a nest). Kruskal-
Wallis test compare hatching across the three sites, and Wilcoxon test pairwise
comparisons reveal differences between sites. As a result of the method for calculating
success, there are no values between 80-100% in this and subsequent success figures.
Error bars represent 95% confidence intervals.
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Figure 4.7. Comparisons of fledging from 2015-2019 at Broadmoor, Drumlin Farm, and
Ipswich River measured by (A) number of young fledged per nest and (B) fledging
success (percent of nestlings fledged out of successful hatches in a nest). Kruskal-Wallis
test compare fledging across the three sites, and Wilcoxon test pairwise comparisons
reveal differences between sites. Error bars represent 95% confidence intervals.
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Figure 4.9. Nest box density was found be a significant predictor in models of
reproductive success at Broadmoor, Drumlin Farm, and Ipswich River in nests monitored
from 2015-2019. Mean distance to neighboring nest boxes was binned in 50 m
mcrements to identify box distances that promote (A) hatching success and (B) fledging
success across the three sites. Reproductive success was compared in both cases using
Kruskal-Wallis tests with Wilcoxon test post-hoc comparisons between individual box
distances and the mean reproductive performance metric across all distances. Starred sites
(*) indicate the distance 1s significantly different than the mean, and sites marked “ns”
indicate distance are not significantly different than the mean. Error bars represent 95%

confidence intervals.
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Figure 4.10. Clutch initiation day of year for clutches laid in 2019 across seven Mass
Audubon wildlife sanctuaries. Kruskal-Wallis test compares clutch initiation across the
seven sites, and Wilcoxon test pairwise comparisons reveal differences between
individual sites and the mean clutch initiation day across sites. Starred sites (*) indicate
the site is significantly different than the mean, and sites marked “ns” indicate sites are
not significantly different than the mean. Error bars represent 95% confidence intervals.
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Figure 4.11. Clutch sizes for clutches laid in 2019 across seven Mass Audubon wildlife
sanctuaries. Kruskal-Wallis test compares clutch initiation across the seven sites, and
Wilcoxon test pairwise comparisons reveal differences between individual sites and the
mean clutch initiation day across sites. Starred sites (*) indicate the site is significantly
different than the mean, and sites marked “ns” indicate sites are not significantly different
than the mean. Error bars represent 95% confidence intervals.



118

A Kruskal-Wallis, p = 2e-06 -
100 —eelSe— RS —rr— S 0s R ns,
—_——— %
P 751 .
5 L
-
T T 5
E
>
§ O 257
3
1]
0 LR . et -~y
> 2 $ & & & &
& & &°°° & & & %@0
,ef\e“' ko o° N QQ@' & é&
Site
B Kruskal-Wallis, p = 1.8e-08
=100  —vwvet— s — S — ’—ﬂj . K .05
75 e Ty
—_— &

(5]
o
1

Successfu F edges
Hatched ' (%)
no
q

0 i s . —wtrwt—
S & & & & & &
& 1S o & < & @\é‘ @o*
® ? 0@ \Q% =)
Site

Figure 4.12. Reproductive success for clutches laid in 2019 across seven Mass Audubon
wildlife sanctuaries measured by (A) hatching success (percent of eggs successful
hatched out of total laid eggs in a nest), and (B) fledging success (percent of nestlings
fledged out of successful hatches in a nest). Kruskal-Wallis test compares clutch
initiation across the seven sites, and Wilcoxon test pairwise comparisons reveal
differences between individual sites and the mean clutch initiation day across sites.
Starred sites (*) indicate the site is significantly different than the mean, and sites marked
“ns” indicate sites are not significantly different than the mean. Error bars represent 95%

confidence intervals.
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Box 4.1. Stories from the field
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Box 4.2. Management recommendations
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CHAPTER FIVE: CONCLUSIONS

The goal of this dissertation was to investigate climate change and land
management effects on phenology and success of an aerial insectivore, the Tree Swallow
(Tachycineta bicolor), and their insect prey in Massachusetts, USA. The specific research
questions I sought to answer were: (1) What are the climate impacts on late-season flight
of butterflies and how may their varied life histories mediate late season flight? (2) What
are the integrated impacts of climate, land management, and prey availability on Tree
Swallow reproductive success over three decades of global change? (3) Does
conservation management impact Tree Swallow reproductive success and how do these
relationships create suboptimal nesting habitat or introduce potential biases into studies
of cavity nesting reproductive performance? My colleagues and I addressed these gaps
using long-term community science data sets, observational studies, and local-scale
habitat analyses. Across studies I found new evidence for biological responses to human-
driven change.

Over the last 20 years in Massachusetts, butterfly species have generally extended
their end of season flight time later into the year, though the trend is not universal. I find
that many of the trends in late-season flight are likely mediated by life history
characteristics and global population trends. For example, Monarchs (D. plexippus), one of
the two species with significantly reduced fall flight, are experiencing large population
declines across their range that may be driving the reduction in autumn observations.
Climate warming and precipitation increase are driving flight time extension in many

species. End of season flight is extended for six of the study species by warmer
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November temperatures and flight time for nine butterflies is extended by August
precipitation. Fall flight significantly differed across the four life history characteristics
we compared. Multi-brooded species fly significantly later into the fall than species with
one or two broods a season. With warmer fall temperatures, these species may produce
additional broods in a season. The number of generations per season may be a more
important factor in resilience to global change than phenological shifts, because
increasing broods would accelerate population growth and adaptation to changing
environmental conditions (Altermatt, 2010b; Diamond et al., 2011).

In addressing our second research question, I found that Tree Swallow
reproductive success is habitat-mediated and not generalizable over long time periods.
Tree Swallows are experiencing population loss across North America, and [
hypothesized that anthropogenic changes in the breeding habitat are lowering
reproductive success and contributing to the decline (Rosenberg et al., 2019; Spiller &
Dettmers, 2019). I first updated a unique historic dataset of aerial insect abundance and
found that flying insect abundance had not declined significantly over time and prey
abundance is likely not driving change in reproductive success. However, there was a
change in diversity of insects present, with an increase in the relative abundance of
Dipteran flies in 2019 compared to 1991. A relative increase in Diptera, which represent
lower quality prey, during the breeding season could negatively impact Tree Swallow
reproductive performance, but more work must be done to investigate this relationship.

I documented a decline in clutch size over a 32-year period, however this decline

was not climate, prey availability, or habitat driven. In fact, the documented decline in
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clutch size has reversed over the last decade. These results challenge studies that
generalize broad trends in bird reproductive performance over time or with a single
component of global change. I found novel evidence that Tree Swallow hatching and
fledging success were habitat-dependent, and nests nearer to open water habitat were
more successful than those further away. While I did not capture the mechanisms for the
rebound in clutch size in recent years, the positive relationship between fledging success
and open water habitat leads us to hypothesize that the increase of beaver-created wetland
in our study site during monitoring (Standley, 2015) may have provided more high
quality habitat to foraging birds early in the season.

To address the third research question, I documented the impacts of artificial nest
management on Tree Swallow reproductive performance independent of environmental
variables and across sites. | measured nest management across Mass Audubon wildlife
sanctuaries by nest box density, predator guards, and local-scale habitat. Nests in dense
assemblages showed lowered reproductive success despite attracting birds early in the
breeding season. I found evidence that predation was higher in nests protected by baffles
than by grease, and that predation can introduce bias into studies of cavity nester
reproductive performance even when comparing sites managed by a single conservation
organization. Nest success was higher in boxes at greater distances from developed
habitat and forest, indicating placing boxes in these habitats negatively impacts breeding
Tree Swallows. Tree Swallows are a model species in field research, but local-scale
habitat and conservation management of artificial nests are rarely included in analyses.

My findings indicate that this omission may introduce place-based and predation biases
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into studies of birds nesting in human-made nests, and these metrics should be considered
going forward.

There is much important research to be done on life history, local-scale habitat,
and conservation management mediating individual and community response to global
change. This dissertation highlights future directions in research on the phenology and
success of aerial insectivores and their insect prey. Autumn phenology is difficult to
document, but focusing research on species with life histories that impact response to late
season climate can point us toward environmental variables controlling fall phenology.
While we find that declines in reproductive success in Tree Swallows driven by
anthropogenic change are not contributing to population loss, the many remaining
hypothesized mechanisms driving population decline in aerial insectivores require further
investigation. Declines in prey quality, rather than abundance, may contribute to this
population decline, however future study of prey preference and nutrient content is
needed. Finally, impacts of local-scale habitat and conservation management should be
examined in other cavity nesting species that utilize human-made structures to determine
how the relationships we documented in Tree Swallows can be generalized across

species.
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