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In this project, we examined various hypotheses that address one of the
fundamental questions in ecology and evolution: what determines the range of a species?
We used demographic data for saltmarsh sparrows (Ammodramus caudacutus) collected
over the majority of the global breeding range. Saltmarsh sparrows are considered
threatened by climate change, specifically sea level rise, which is predicted to result in
loss of the tidal marsh habitat where saltmarsh sparrows live across their entire life cycle.
For my dissertation, | investigated the reproductive biology of saltmarsh sparrows both to
provide vital information for wildlife managers and to explore broad questions in
ecological and evolutionary theory. We examined the spatial variation in risks to
fecundity, vital rates, and niches across the global range of a species. We were thus able
to investigate some of the most fundamental concepts in ecology, the drivers of species’
distributions and spatial and temporal variation in niches. Specifically, I 1) explored

competing risks to saltmarsh sparrow fecundity across their global range; 2) quantified



saltmarsh sparrow fecundity across the range and tested whether fecundity decreases
from the range center to its periphery; 3) characterized the nesting niche of saltmarsh
sparrows across a large spatial scale to determine whether niche conservatism holds in
this system; and 4) investigated differences in nesting niches between saltmarsh and
sympatric Nelson’s sparrows and the fitness consequences of those differences. The
results of these chapters suggest that though saltmarsh sparrow fecundity is influenced by
large-scale factors such as global predation gradients, the saltmarsh sparrow range is not
determined by large-scale trends in demographic rates or habitat marginality with latitude

or between sister species.



CHAPTER 1: INTRODUCTION

Though they compose a very small percentage of the global habitat, tidal marshes
host an uncommon amount of biodiversity because many are home to endemic species
and subspecies (Greenberg et al. 2006). Among these is the saltmarsh sparrow
(Ammodramus caudacutus), which breeds exclusively in tidal marshes of the northeastern
United States (Greenlaw and Rising 1994). Saltmarsh sparrows are uniquely adapted to
breeding in tidal marsh environments, which present various challenges such as
freshwater limitation and little cover from predators (Greenberg, Maldonado, et al. 2006).
Perhaps most importantly, the high marsh habitat in which saltmarsh sparrows breed
typically floods at least once per month (during the highest astronomical tides),
sometimes more often due to storms (Tiner 2013). Because saltmarsh sparrows nest on
the ground, building their nests from tidal marsh grasses, they experience catastrophic
nest losses during high marsh flooding events. Studies report that from 25% to over 60%
of nest losses annually are caused by flooding (Greenlaw and Rising 1994; Shriver,
Vickery, and Hodgman 2007; Gjerdrum, Elphick, and Rubega 2005). However,
saltmarsh sparrows are adapted to the harsh disturbance of tidal flooding. Females renest
quickly after nest loss and tend to synchronize with high tide events, completing their
nesting cycle in as few as 26 days between astronomical high tide events (Greenlaw and
Rising 1994; Shriver, Vickery, and Hodgman 2007).

Despite their adaptations to flooding, saltmarsh sparrows are named on the 2014
State of the Birds Watch List of species most in need of conservation action (Rosenberg
et al. 2014), largely due to the threat of sea level rise. The population status of saltmarsh

sparrows has long been threatened by habitat loss and degradation via environmental



contamination from human development along the Atlantic coast. Anthropogenic climate
change further threatens saltmarsh sparrow populations, however. Sea level rise is
predicted to result in a net loss of high marsh habitat, and recent estimates of observed
coastal wetland loss range from 1-2% per year (Pendleton et al. 2012). A predicted rise
in storm surge intensity and frequency that could introduce increased disturbance in the
tidal marsh flooding regime (Wong et al. 2014) could also threaten saltmarsh sparrow
populations by disrupting their distinctive breeding ecology (Greenberg, Maldonado, et
al. 2006; Shriver, Vickery, and Hodgman 2007). Specifically, sea level rise threatens to
reduce the tidal marsh habitat in which saltmarsh sparrows breed and shorten the interval
between tidal events that flood the high marsh zone, an interval that is fundamental to the
saltmarsh sparrow nesting cycle.

The persistence of saltmarsh sparrows in the face of climate change is not only
important to global biodiversity, but also because the species provides an interesting
study system for exploring mating systems. Their mating system is highly promiscuous
and “explosive”, with adults of both sexes gathering in high density areas of breeding
habitat (S. T. Emlen and Oring 1977; Greenlaw and Rising 1994). Genetic analysis has
shown that in a third of nests, each egg was sired by a unique male (Hill, Gjerdrum, and
Elphick 2010). Neither males nor females are territorial, and males do not contribute to
parental care (Greenlaw and Rising 1994). Among songbirds, promiscuous breeding
systems are globally very rare (Gill 2007).

Saltmarsh sparrows also afford a unique opportunity to investigate evolutionary
dynamics in the midst of a speciation event. In the northern portion of its breeding range,

the saltmarsh sparrow overlaps with its sister species, the Nelson’s sparrow



(Ammodramus nelsoni). Though Nelson’s sparrow populations on the Atlantic Coast
breed in tidal marshes, they also breed in non-tidal marshes found in the interior United
States and Canada (Shriver, Hodgman, and Hanson 2011). Until the mid-1990’s,
saltmarsh and Nelson’s sparrows were considered two subspecies of the sharp-tailed
sparrows, which refers to both species collectively (Greenlaw and Rising 1994; Rising
and Avise 1993). Nelson’s sparrows also exhibit a promiscuous mating system, but
males have been observed to mate guard females after copulation for 15 minutes to 43
hours (Shriver, Vickery, and Hodgman 2007). Sharp-tailed sparrows hybridize in the
zone of contact (Greenlaw and Rising 1994; Shriver, Vickery, and Hodgman 2007),
between mid-coast Maine and northern Massachusetts (Jennifer Walsh et al. 2011,
Hodgman, Shriver, and Vickery 2002; Jennifer Walsh et al. 2015). There is some
evidence that the Nelson’s sparrow is expanding southward, but other evidence points to
a stable hybrid zone (Hodgman et al. 2002, Walsh et al. 2011, unpublished data).
Regardless, sharp-tailed sparrows provide an exemplary study system for examining the
ecological and evolutionary dynamics of sympatric sister species that are at some point in
a speciation event.

Due to the threats to the unique contributions of saltmarsh sparrows to global
biodiversity, researchers joined together to gather information about their population
status and ecology. Under the moniker Saltmarsh Habitat and Avian Research Program
(SHARP), researchers from five universities, federal and state governmental agencies,
non-profit groups, and state wildlife conservation agencies from every coastal state in the
northeast joined to study breeding saltmarsh sparrow populations across the northeastern

United States (see www.tidalmarshbirds.org).



http://www.tidalmarshbirds.org/

For my dissertation, | investigated the reproductive biology of saltmarsh
sparrows in an ecological and adaptive framework as part of the larger SHARP project.
With this research, I hope to inform conservation decisions for tidal marshes and explore
the unique breeding ecology of saltmarsh sparrows. More specifically, I 1) explored
competing risks to saltmarsh sparrow fecundity across their global range; 2) quantified
saltmarsh sparrow fecundity across the range and tested whether fecundity decreases
from the range center to its periphery; 3) characterized the nesting niche of saltmarsh
sparrows across a large spatial scale to determine whether niche conservatism holds in
this system; and 4) investigated differences in nesting niches between saltmarsh and
sympatric Nelson’s sparrows and the fitness consequences of those differences.

For these analyses, | used demographic data I collected with the help of eight field
technicians during the summers of 2011-2013 in Scarborough Marsh, Cumberland
County, Maine, U.S.A. Scarborough Marsh is located in southern Maine, at the center of
the sharp-tailed sparrow hybrid zone. At four demographic study plots, we captured
adults, searched for and monitored nest success, and surveyed surrounding vegetation. |
also used demographic data collected with identical protocols in six other states by
SHARP collaborators. Members of SHARP implemented the same standardized data
collection protocols at nineteen additional study plots, which combined with my
demographic study plots in Maine, spans a great circle distance of approximately 575 km
(Fig. 1.1). Our survey covered 59% of the saltmarsh sparrow’s breeding range (W. Wiest
et al. in review) and 89% of the breeding range of the nominate subspecies, Ammodramus

caudacutus caudacutus (Montagna, 1942).



Across all SHARP study plots, we collected data from 1027 saltmarsh sparrow
nests from 2011-2013 (Table 1.1, but see the SHARP 2011-2013 State Wildlife Grant

report at www.tidalmarshbirds.org for details on all monitored species). Of these nests,

we identified the associated female for 631 nests by capturing the female at the nest with
mist nets. We also collected data from 80 Nelson’s sparrow nests and 364 sharp-tailed
sparrow nests, which include both hybrids and nests for which the female was not trapped
and identified within the hybrid zone. We collectively made over 3,100 nest visits,
totaling approximately 9,000 exposure days. We recorded approximately 8,400 captures
of sharp-tailed sparrows, for a total of approximately 5,000 unique individuals including
adults, juveniles, and nestlings.

Using this tremendous dataset, | investigated the reproductive biology of
saltmarsh sparrows both to provide vital information for wildlife managers and to explore
broad questions in ecological and evolutionary theory. We examined the spatial variation
in risks to fecundity, vital rates, and niches across the global range of a species. We were
thus able to investigate some of the most fundamental concepts in ecology: drivers of
species’ distributions and spatial and temporal variation in niches. In the process, we also
have provided imperative information to wildlife managers: spatial patterns and
predictors of saltmarsh sparrow productivity, locations of habitat patches that should be
targeted for conservation, and prioritized threats to saltmarsh sparrow fecundity on both
global and local scales. Taken together, the work of my dissertation and the larger
SHARP project will help determine how demographic rates vary across a species range
and how we can best manage saltmarsh sparrow conservation actions to ensure their

persistence.
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Figure 1.1. Saltmarsh sparrow breeding range map. Demographic study plots surveyed
by SHARP span seven states within the saltmarsh sparrow breeding range (shaded).
Within each boxed area, we surveyed one to five study plots. The star indicates the
latitudinal center of the saltmarsh sparrow breeding range.



Table 1.1. Location and sample size for demographic study plots.
spanned Maine to New Jersey, 2011-2013.

Demographic survey

Study
Latitude Longitude  Plot
(decimal (decimal Area Nest

Study plot State  degrees) degrees) (ha) Abundance Notes
Oyster Creek NJ 395 -74.4 185 43
Mullica Wilderness NJ 395 -714.4 174 92
AT&T NJ 39.7 -74.2 14.3 111

NJ 50.2 246
Four Sparrow Marsh NY 40.6 -73.9 1.2 40  Surveyed 2012-2013 only
Sawmill Creek NY 40.6 -74.2 3.9 41  Surveyed 2012-2013 only
Marine Nature Park NY 40.6 -73.6 3.8 22 Surveyed 2012-2013 only
Idlewild NY 40.7 -73.8 3.1 11  Surveyed 2012-2013 only

NY 12.0 114  Surveyed 2012-2013 only
Hammonasset CT 41.3 -712.5 13.2 59
East River CT 41.3 -72.7 19.0 69
Waterford CT 413 -72.1 34 1
Pattagansett CT 41.3 -72.2 8.4 5
Barn Island CT 413 -71.9 235 40

CT 67.4 174
John H. Chaffee RI 414 -715 12.1 36
Sachuest Point RI 415 -71.2 3.7 35

RI 15.8 71
Parker River MA 428 -70.8 279 26

MA 279 26
Chapman's Landing NH 43.0 -70.9 12.0 129
Lubberland Creek NH 431 -70.9 8.1 25  Surveyed 2012-2013 only

NH 20.1 154
Eldridge Road ME 43.3 -70.6 115 62
Little River ME 43.3 -70.5 6.9 2 Surveyed 2011 only
Jones Creek ME 435 -70.4 115 79  Surveyed 2012-2013 only
Nonesuch River ME 43.6 -70.3 13.9 29
Libby River ME 43.6 -70.3 13.0 4 Surveyed 2011 only
Scarborough Marsh ME 43.6 -70.4 9.8 61

ME 66.6 237




CHAPTER 2: DEMOGRAPHIC ANALYSIS DEMONSTRATES CONTRASTING

ABIOTIC AND BIOTIC STRESSORS ACROSS A SPECIES RANGE

2.1. Summary

Sixty-five years ago, Theodosius Dobzhansky suggested that individuals of a
species face greater challenges from abiotic stressors at high latitudes and from biotic
stressors at their low-latitude range edges. This idea has been expanded to the hypothesis
that species’ ranges are limited by abiotic and biotic stressors at high and low latitudes,
respectively (Asymmetric Abiotic Stress Limitation hypothesis, hereafter AASL).
Support has been found in many systems, but this hypothesis has almost never been
tested with demographic data. We present an analysis of fecundity across the breeding
range of a species as a test of this hypothesis. We monitored saltmarsh sparrow
(Ammodramus caudacutus) nests at twenty-three sites from Maine to New Jersey, USA.
With data from 840 nests, we calculated daily nest failure probabilities due to competing
abiotic (flooding) and biotic (depredation) stressors. We observed that abiotic stress (nest
flooding probability) was greater than biotic stress (nest depredation probability) at the
high-latitude range edge of saltmarsh sparrows, consistent with the AASL hypothesis.
Similarly, biotic stress decreased with increasing latitude throughout the range, whereas
abiotic stress was not predicted by latitude alone. Instead, nest flooding probability was
best predicted by date, maximum high tide, and extremity of rare flooding events. Our
results provide support for the AASL hypothesis across the global range of a species. We
observed predictable variation in competing biotic and abiotic stressors to saltmarsh

sparrow nest survival across the range. However, our results do not indicate a direct



tradeoff between abiotic and biotic stressors along a single gradient. Rather, we found

that abiotic and biotic stressors were geographically independent.

2.2. Introduction

Theodosius Dobzhansky (1950) suggested that populations within the same
species face systematically different types of stresses across the species range. At high
latitudes, he hypothesized that abiotic stressors such as climate pose greater challenges,
while biotic stressors such as competition are more limiting for a species near its low-
latitude range edge. In the years since its original publication, Dobzhansky’s hypothesis
has been expanded by subsequent ecologists to the idea that the range of a species is
limited by abiotic stressors at high latitudes and biotic stressors at low latitudes (Brown,
Stevens, and Kaufman 1996; Brown 1995; MacArthur 1984). The theory has also grown
to include at least two other gradients of abiotic stress, elevation (Diamond 1973) and
water depth (Connell 1961). Normand et al. (2009) called this integrated theory the
Asymmetric Abiotic Stress Limitation (AASL) hypothesis. Broadly, it postulates that a
tradeoff exists between physiological hardiness, which increases fitness in stressful
abiotic conditions, and competitive ability, which increases fitness in areas of low abiotic
stress.

The AASL hypothesis has been supported by a wide range of tests in a diverse
array of species (see Parmesan et al., 2005 for a review). For instance, over half of
European alpine plants exhibit range boundaries that correlate with climatic variables at
the northern edges of their ranges, but not the southern range edge (Normand et al. 2009);

common garden experiments have demonstrated a tradeoff between adaptation to cold



hardiness at high latitudes and competitive ability (growth rate) at low latitudes in a
variety of temperate tree species (Loehle 1998); and algae species found in low tidal and
subtidal depths take longer to recover photosynthetic capabilities following experimental
desiccation stress than algae species found in the high tidal zone (Smith and Berry 1986).

Most previous investigations of the AASL hypothesis have provided only indirect
support, however. Almost all previous studies have focused on either physiological
tolerances of individuals or correlations between species’ ranges and climatic parameters
(see Brewer & Gaston, 2003 for a notable exception). Absolute empirical support for this
hypothesis requires quantifying demographic rates as functions of biotic and abiotic
stressors across the range of a species, but the AASL hypothesis has almost never been
tested with demographic data.

In this paper, we directly test the AASL hypothesis by investigating patterns of
reproduction at sites across the latitudinal range of a species. We quantified nest survival
probabilities, a commonly-used measure of avian fecundity, across the majority of the
breeding range of the saltmarsh sparrow (Ammodramus caudacutus). Using a Markov
chain method (Etterson, Nagy, and Robinson 2007; Etterson, Greenberg, and Hollenhorst
2014), we separately estimated the probability of nest loss due to biotic (depredation) and
abiotic (flooding) stressors. Finally, we explored how the different failure probabilities
vary across the landscape, to test whether biotic stressors become increasingly important
moving toward low latitudes and abiotic stressors are more important toward high

latitudes, in accordance with the AASL hypothesis.
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2.3. Methods
2.3.1. Study system

The geographic range of saltmarsh sparrows is ideally suited for exploring
latitudinal trends because of its unique configuration. Saltmarsh sparrows breed
exclusively in tidal marshes on the coast of the northeastern United States, from southern
Maine to Virginia (Greenlaw and Rising 1994). Thus, the breeding range of Saltmarsh
Sparrows is linear, runs roughly north-south, and is clearly bounded on the east and west
by absence of tidal marsh habitat. Finally, tidal marshes are a relatively homogenous
ecosystems that are defined by a simple structure and species assemblage (Greenberg,
Maldonado, et al. 2006), allowing us to rule out many confounding factors associated
with more diverse systems (Tiner 2013).

Within the saltmarsh sparrow breeding range, abiotic stressors also follow a
roughly north-south gradient. Abiotic stressors include climate, the stressor that formed
the basis of the AASL hypothesis, and the magnitude of tidal flooding, which has been
identified as the leading cause of saltmarsh sparrow nest failure across a wide geographic
range (Gjerdrum, Sullivan-Wiley, and King 2008; Greenlaw and Rising 1994; Gjerdrum,
Elphick, and Rubega 2005; Shriver, Vickery, and Hodgman 2007). Saltmarsh sparrows
build their nests a few centimeters above the ground in the high marsh zone (Humphreys
et al. 2007), which typically floods only during monthly astronomical high tides and
some storm events (Tiner 2013). Marshes at the high-latitude edge of the saltmarsh
sparrow range experience astronomical high tides that are almost two times greater than

those experienced in more southerly marshes (Fig. 2.1).
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There is also support for a latitudinal gradient in biotic stressors to saltmarsh

sparrow fecundity. In a wide array of other systems, studies have shown that predation

and herbivory increase with decreasing latitude (Schemske et al. 2009), providing support

for the AASL hypothesis. In tidal marshes across the range of the saltmarsh sparrow,

low-latitude wetlands host nest predators that have no high-latitude analog (e.g., rice rats,

Oryzomys palustris (Post 1981)). Further, in a meta-analysis of all the avian taxa

endemic to tidal marshes in North America, nest predation rates decreased with latitude

(Greenberg, Elphick, et al. 2006).
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Figure 2.1. Maximum high tide increases with latitude. Maximum high tide height is
shown by study plot, as measured by maximum observed water level, May-August in

2011-2013.

2.3.2. Data collection

From 2011 to 2013, we implemented a standardized data collection protocol at

twenty-three study plots spanning a great circle distance of approximately 575 km (Fig.
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1.1, see Appendix C for protocol). Our survey covered 59% of the saltmarsh sparrow’s
breeding range (Wiest unpub.) and 89% of the breeding range of the nominate
subspecies, Ammodramus caudacutus caudacutus (Montagna 1942). Study plots
consisted of 5-24 ha areas of tidal marsh in the high-marsh zone. At each study plot, we
searched for nests at least once per week throughout the breeding season (May to
August). Once we found a nest, we revisited it every 2-5 days to determine success or
failure. If a nest failed, we determined the cause of nest failure based on evidence at the
nest site (Appendix C).

We assigned depredation (biotic stressor) as the cause of nest failure to nests
found with broken or punctured eggs, mangled chicks, or to nests that were empty and
dry after nights that did not have tides high enough to flood the high marsh. We assigned
flooding (abiotic stressor) as the cause of failure to nests that were wet after nights with
tides high enough to inundate the high marsh, contained drowned chicks, or had intact
eggs outside the nest (presumably because they floated out). We classified nests as failed
for unknown reasons in cases of conflicting evidence (e.g., nest bowl was visibly wet and
contained punctured eggs). We considered nests successful if, after survival on all
previous visits, they were found empty when at least one nestling would have been 10
days old, the age at which chicks are able to leave the nest (Greenlaw and Rising 1994).

We included two covariates as potential predictors of nest depredation
probabilities: latitude and serial date. We recorded the latitude and longitude of each
study plot at its approximate center using ArcGIS version 10.1 (Environmental Systems
Research Institute, Redlands, USA). Inclusion of latitude in the top model, specifically

that nest depredation probability increased with latitude, would provide support for the
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AASL hypothesis. We included serial date as a covariate to test an alternative
hypothesis. Nest predation increases throughout the breeding season in a variety of avian
taxa, perhaps because nest predators increase foraging effort to feed their own growing
young (see Verhulst & Nilsson, 2008 for a review). Inclusion of serial date in the top
model would demonstrate that biotic stress to saltmarsh sparrow fecundity changed
seasonally across the species range.

To measure nest flooding stress, we used three potential predictors to reflect
distinct inputs to tidal marsh hydrology: maximum high tide, extremity of rare flooding
events, and relative sea-level rise (Appendix A). Tidal marshes are shaped by both
regular flooding caused by astronomical tides and irregular flooding caused by weather.
Both types of flooding contribute to marsh development and maintenance (Teal 1986). In
addition, recent anthropogenic sea-level rise has contributed to higher water levels and
increased flooding of tidal marshes (Wong et al. 2014).

We used latitude as a proxy for maximum high tide based on the observed
relationship between the two variables in our study region (Fig. 2.1). We also included
maximum observed high tide within the study period as a direct measure of tidal height.
We obtained water-level data from the National Oceanic and Atmospheric
Administration (NOAA) using the observation station with available data that was closest
to each demographic study plot (approximately 15-50 km by water). We used NOAA’s
recorded water levels above the mean daily high tide (mean higher high water datum,
hereafter MHHW) for 1% annual exceedance probabilities to reflect the extremity of rare
flooding events at a study plot. Exceedance probabilities describe the likelihood that

water level will surpass a given level; for example, a 1% annual exceedance probability
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level of 1.23 m above MHHW means that only once in 100 years will the water level
likely reach 1.23 m above MHHW. This datum is corrected for local relative sea level
rise. Finally, we collected linear sea-level rise estimates based on 1969-2011 water levels
from Boon et al. (2012), using the location nearest to each demographic study plot
(approximately 15-55 km by water). Finally, we included serial date as a covariate
because monthly high tides decrease in height throughout the breeding season.

Inclusion of latitude or maximum tidal height in the top model, specifically that
nest flooding probability increased with either variable, would indicate that regular
monthly flooding from astronomical tides posed the greatest abiotic stress to saltmarsh
sparrow fecundity, as predicted by the AASL hypothesis. Conversely, inclusion of either
exceedance values or sea level rise in the top model, specifically that nest flooding
probability increased with either variable, would indicate that irregular, anthropogenic
flooding imposed greater stress to saltmarsh sparrow reproduction. Furthermore, because
extremity of rare flooding events and rate of sea-level rise are influenced by climate
change, their inclusion in the top model would indicate that saltmarsh sparrows face

growing abiotic stress under predicted climate change.

2.3.3. Statistical analyses

We used the program MCestimate (Etterson, Nagy, and Robinson 2007; Etterson,
Greenberg, and Hollenhorst 2014) to calculate daily probabilities of nest survival and
failure from competing risks. MCestimate employs a Markov chain algorithm to estimate
daily nest-failure probabilities via a generalization of the Mayfield method (Mayfield

1975). Unlike more traditional logistical exposure models (Rotella, Dinsmore, and
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Shaffer 2004; Dinsmore, White, and Knopf 2002; Shaffer 2004), MCestimate separately
estimates probabilities of failure due to competing risks, in additional to total daily nest
survival probability.

We used MCestimate to generate daily nest survival and failure probabilities as
functions of nest- and study plot-level covariates from nest monitoring data (Shaffer
2004; Etterson and Stanley 2008). We adopted a two-stage approach for model selection
(see Appendix B for full model lists). First, we separately compared candidate models
for biotic and abiotic nest failure probabilities. We compared models containing all
additive combinations of potential covariates of nest depredation probability (latitude and
serial date) while modeling nest flooding probability as constant, plus an intercept-only
null model (4 candidate models total). Similarly, we modeled nest depredation
probability as constant while we compared all additive combinations of the potential
covariates of nest flooding probability (latitude, maximum high tide, 1% exceedance
value, linear sea-level rise rate, and serial date). Again, we also included an intercept-
only null model (32 candidate models total). We used second order Akaike’s Information
Criteria (AIC.) to compare candidate models in each set while accounting for sample
size. We used a difference of 2 or more in AIC, values to identify which models most
parsimoniously described the biotic and abiotic nest failure probabilities (Burnham and
Anderson 2002; Akaike 1974). We chose the simplest model within 2 AIC, values of the
top model. For the second stage of model selection, we built a combined model based on
the best models for nest depredation and flooding probabilities, and compared the
combined model to an intercept-only null model and the best models from the previous

stage.
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Finally, to report the daily probabilities of nest depredation, nest flooding, and
total nest survival by study plot, we created models with study plot as the sole fixed-
effect covariate to allow for maximum variation. We created a separate model for each
nest depredation probability, nest flooding probability, and total nest survival probability

as predicted by study plot.

2.4. Results

We analyzed nest monitoring data from 840 nests found over three years of study.
We observed daily nest depredation probabilities that ranged from <0.001 to 0.046 and
daily nest flooding probabilities that ranged from 0.016 to 0.116, depending on study
plot. Daily nest-survival probabilities ranged widely by study plot, from 0.857 to 0.970
(2% to 48% total nest survival over the 24-day nesting period; Table 2.1).

Despite much local heterogeneity, we observed clear large-scale patterns in nest
failure probabilities of saltmarsh sparrows. The model containing only latitude best
predicted daily nest depredation probability (w;=0.57) and performed much better than
the null model (AAIC.=23.15, w;<0.01). Nest depredation probability increased moving
toward low latitudes (Table 2.2, Fig. 2.2).

An additive combination of date, maximum high tide, and extremity of rare
flooding events best predicted daily nest flooding probability (w;=0.43) and performed
much better than the null model (AAIC.=29.5, w;<0.01). Nest flooding probability
decreased throughout the breeding season, increased with increasing maximum high tide,

and increased with increasing extremity of rare flooding events (Table 2, Fig. 2.3). The
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nest flooding model using latitude as the sole predictive variable performed worse than
the null model (AAIC.=30.01, w;<0.01; Fig. 2.2).

The combined model (nest depredation probability predicted by latitude, nest
flooding probability predicted by serial date, maximum high tide, and exceedance value;
w;=1.0) predicted nest failure probabilities better than the top model for nest depredation
probability (AAIC.=28.86, w;<0.01), the top model for nest flooding probability
(AAIC=20.52, wi=<0.01), and the null model (AAIC:=50.2, w;<0.01).

Total daily nest survival probability increased toward the high-latitude edge of the
saltmarsh sparrow breeding range (Fig. 2.2). Total nest survival probability decreased
with increasing exceedance value and increased throughout the breeding season. There

was no relationship between maximum high tide and total nest survival probability.
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Table 2.1. Global and local probabilities of nest failure and survival. Shown are daily
probabilities £ standard error for saltmarsh sparrows by study plot, 2011-2013.

Global
Global Local Daily  Global Local Daily Daily Total Local Daily
Daily Nest Nest Daily Nest ~ Nest Nest Total Nest
Number Depredation Depredation Flooding Flooding Survival Survival
Study Plot of nests  Probability’  Probability’  Probability!  Probability’ Probability'  Probability?
0.034 = 0.046 = 0.028 = 0.029 = 0.938 = 0.928 =
Oyster Creek 30 0.005 0.015 0.003 0.013 0.006 0.017
Mullica 0.034 = 0.045 0.028 = 0.021 = 0.938 = 0.936 =
Wilderness 70 0.005 0.009 0.003 0.01 0.006 0.011
0.032 + 0.033 0.028 + 0.040 + 0.940 + 0.930 +
AT&T 68 0.004 0.007 0.003 0.008 0.005 0.011
Four Sparrow 0.025 + 0.011 + 0.050 + 0.022 + 0.925 + 0.968 +
Marsh 15 0.003 0.008 0.007 0.011 0.007 0.014
Sawmill 0.025 = 0.001 = 0.036 = 0.050 = 0.939 = 0.940 =
Creek 24 0.003 0.007 0.004 0.015 0.004 0.016
Marine 0.025 = 0.000 = 0.050 = 0.064 = 0.925 0.936 =
Nature Park 10 0.003 0.000 0.007 0.027 0.007 0.028
0.024 + 0.023 + 0.050 + 0.093 + 0.926 + 0.883 =
Idlewild 7 0.002 0.023 0.007 0.042 0.007 0.051
0.020 + 0.004 + 0.070 + 0.062 + 0.910 + 0.934 +
Hammonasset 50 0.002 0.003 0.009 0.010 0.009 0.011
0.020 = 0.020 = 0.056 = 0.061 = 0.924 = 0.921 =
East River 60 0.002 0.007 0.005 0.011 0.005 0.012
0.021 = 0.040 = 0.940 =
Waterford® 1 0.002 NA 0.005 NA 0.005 NA
0.021 + 0.000 + 0.040 + 0.057 + 0.940 + 0.944 +
Pattagansett 5 0.002 0.001 0.005 0.033 0.005 0.034
0.021 + 0.018 + 0.040 + 0.103 + 0.940 + 0.885
Barn Island 33 0.002 0.008 0.005 0.020 0.005 0.023
John H. 0.020 = 0.016 = 0.040 = 0.019 = 0.940 = 0.965 =
Chaffee 29 0.002 0.007 0.005 0.008 0.005 0.011
Sachuest 0.020 = 0.087 = 0.040 = 0.054 = 0.943 = 0.857 =
Point 19 0.002 0.030 0.005 0.03 0.005 0.038
0.014 + 0.019 + 0.031+ 0.031 + 0.955 + 0.949 +
Parker River 48 0.002 0.006 0.002 0.007 0.003 0.009
Chapman's 0.013 + 0.002 + 0.031+ 0.024 + 0.956 + 0.970 +
Landing 139 0.002 0.002 0.002 0.004 0.003 0.004
Lubberland 0.013 = 0.000 = 0.031 0.032 = 0.956 = 0.967 =
Creek 24 0.002 0.000 0.002 0.010 0.003 0.010
Eldridge 0.012 = 0.017 = 0.034 = 0.061 = 0.954 = 0.923 =
Road 64 0.002 0.005 0.003 0.010 0.003 0.010
0.012 + 0.033 0.034 + 0.016 + 0.954 + 0.951 +
Little River 5 0.002 0.023 0.003 0.017 0.003 0.029
0.011 + 0.017 + 0.038 + 0.017 + 0.951 + 0.964 +
Jones Creek 62 0.002 0.005 0.003 0.006 0.003 0.007
Nonesuch 0.011 = 0.036 = 0.038 = 0.032 = 0.951 = 0.936 =
River 25 0.002 0.012 0.003 0.011 0.003 0.014
0.011 = 0.002 = 0.038 = 0.116 = 0.951 = 0.879 =
Libby River 3 0.002 0.014 0.003 0.069 0.003 0.068
Scarborough 0.011 + 0.015 + 0.038 + 0.050 + 0.951 + 0.936 +
River 49 0.002 0.006 0.003 0.010 0.003 0.012

! Global probabilities were calculated using the top-ranked combined model.

?Local probabilities were calculated using study plot as the sole predictive variable in
models of daily nest depredation, flooding, and survival.

%Local probabilities could not be calculated for this study plot because it only had one
nest.
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Table 2.2. Multinomial logit scale estimates of nest fates. Shown are the estimates from
the top-ranked model of variables affecting nest fates of saltmarsh sparrows, 2011-2013.

Effect Standard Observed Observed

Nest Fate Predictor size Error Minimum Maximum
Depredated  Intercept 7.8233 23790 NA NA
Depredated  -2titude (decimal 02820 00574 39.5056  43.5655

degrees)
Flooded Intercept -3.7056  0.7225 NA NA
Flooded ~ ™MaximumObserved High o915 1705 14377 25021

Tide (m)

1% Exceedance Value
Flooded above MHHW (m) 0.9660 0.1993 1.1400 2.0604
Flooded serial date -0.0115 0.0031 138 244
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Figure 2.2. Daily nest failure probabilities by latitude. A) Daily nest predation
probability for saltmarsh sparrows modeled as a function of latitude (nest depredation
probability increased with increasing latitude); B) Daily nest flooding probability
modeled as a function of latitude (daily nest flooding probability was not related to
latitude); C) Total daily nest survival probability modeled as a function of latitude (total
daily nest survival probability increased with increasing latitude).
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2.5. Discussion

Our findings are consistent with the AASL hypothesis that abiotic stressors
(flooding) pose greater risks to population growth at high latitudes than biotic stressors
(depredation). Further, we found that nest depredation probability varied with latitude,
suggesting that biotic stressors become increasingly important moving toward low
latitudes. Nest flooding probability did not vary with latitude, however. Instead, nest
flooding probability was best predicted by an additive combination of three variables that
vary independently from latitude. Therefore, in opposition to modern formulations of the
AASL hypothesis, our results suggest that in this system, there is not a direct tradeoff
between physiological tolerance and competitive ability. Without experimental
manipulation, we cannot be certain that nest flooding and nest depredation probabilities
limit saltmarsh sparrow populations where they are highest. We can conclude, however,
that the relative importance of each competing stressor changes across the species range
and through time.

We found evidence of a latitudinal trend in biotic stress (Fig. 2.2A). Specifically,
nest depredation probability increased toward low latitudes. Large-scale patterns in
species interactions are likely driving the observed decrease in nest predation with
increasing latitude in saltmarsh sparrows. Few data exist for the abundance and diversity
of potential nest predators in tidal marshes. However, the species richness of the major
groups of nest predators (mammalian, reptilian, and avian) all increase toward low
latitudes within the region (Cook 1969; Currie 1991).

The observed increase in nest depredation probability toward low latitudes might

also be explained by correlation with some additional metric, such as marsh size. Rates
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of adverse biotic interactions such as predation and parasitism, particularly well-studied
for nests, increase with decreasing distance to the habitat patch edge in many ecosystems
and taxa (Paton 1994; Ries and Fagan 2003; Etterson, Greenberg, and Hollenhorst 2014).
We observed the highest nest depredation probabilities at the southern end of our study
area, however, where marsh size is largest in this region. Thus, we can rule out distance
to the marsh perimeter as a confounding influence. For saltmarsh sparrows, therefore,
any potential increases in nest predation rate due to upland proximity were overcome by a
latitudinal trend in predation risk. Though we found that biotic stress intensified toward
low latitudes within the saltmarsh sparrow range, nest flooding probability was still
greater than nest depredation probability at one of our three lowest-latitude study plots.
We should note, however, that we did not sample sites at the low-latitude margin of this
species range.

Consistent with the AASL hypothesis, nest flooding was much more important
than nest depredation near the high-latitude margin of the saltmarsh sparrow range.
However, we did not observe that abiotic stress varied with latitude across the range (Fig.
2.2B). We observed a variable landscape of competing abiotic and biotic stresses to
saltmarsh sparrow fecundity across the species range, but our results suggest that there is
not a direct tradeoff between abiotic and biotic stressors. The increased relative
importance of flooding among high-latitude populations was due more to the decreases in
predation risk than any increase in flooding stress, which was high and variable across
the range. Thus, our results do not support the hypothesis that populations face a direct
tradeoff between physiological hardiness and competitive ability across this species

range.
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These results suggest that saltmarsh sparrow reproduction may be shaped by two
different gradients of stress that vary independently but act simultaneously. The AASL
hypothesis originally cited a single gradient, latitude, which explained both biotic
diversity and abiotic stress gradients. Extensions of this hypothesis have similarly used
single gradients (e.g., elevation or water depth) to explain the strength of both biotic and
abiotic stressors. To our knowledge, multiple gradients have not been examined in the
same species. The underlying mechanisms structuring nest predator communities in our
system appear to be independent of the controls on nest flooding stress at the scale we
examined. Thus, we hypothesize that saltmarsh sparrow population growth probabilities,
and hence range edges, are simultaneously limited by biotic and abiotic stressors along
two independent gradients: latitude (driving biotic interactions) and water depth, in this
case tidal flooding (driving abiotic stress). Latitude is an indirect gradient for abiotic
stress (Austin and Smith 1990) that holds within many systems, but evidently not entirely
for saltmarsh sparrows. Similar patterns might be expected in other systems in which
gradients of abiotic stress vary independently relative to broad latitudinal patterns in
biodiversity (e.g., gradients of fire regime, wind damage, or urbanization). Future studies
should include comprehensive demographic analyses of species in such ecosystems to
test whether a species can be simultaneously limited across multiple gradients of abiotic
stress in the manner that the AASL hypothesis predicts. If multiple stress gradients
simultaneously affect population growth rates of a species on a large geographic scale,
we face complications in attempting to understand range limits.

Our study may have been limited by statistical power, however. Though we

sampled a large number of nests (n=840), our covariates were gathered at the level of
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study plot (n=23). In addition, the resolution of the water level covariates was limited by
tidal stations with available data (n=9). In particular, this resolution did not incorporate
variation at a small spatial scale that appears important for saltmarsh sparrow fecundity.
For example, water level data from the Portland, ME tide station was applied to 4 study
plots. Of these, two experience no tidal restrictions (Libby and Nonesuch rivers), one
experiences mild restriction (Scarborough River), and one study plot experiences
severely restricted tidal flow (Jones Creek). The daily probability of nest flooding at the
study plot level varies somewhat concomitantly with the level of tidal restriction (mean
daily nest flooding probability for no tidal restriction: 0.07; mild restriction: 0.05; severe
restriction: 0.02). Based on our statistical approach, therefore, we cannot definitively say
that there was no relationship between flooding (measured by either metric) and nest
success, only that the relationship, if present, was of small enough magnitude to prevent
detection given the variation in nest success from other sources and our sample size.
Given that we were able to detect systematic variation between predation and latitude,
however, we argue that a relationship between nest success and flooding, if present, is
sufficiently small that variation from other sources is likely more biologically
meaningful.

In addition, the lack of a direct tradeoff between biotic and abiotic stress may be
an artifact of human modification. The fact that 1% exceedance values demonstrate a
strong positive relationship with nest flooding probability is particularly telling. Extreme
water levels have increased on a global scale, but these trends are generally driven by
sea-level rise (Wong et al. 2014). However, New York and Connecticut host particularly

high exceedance values for the region, and these conditions may be due to recent changes
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that are independent of sea-level rise (Karl and Knight 1998; Menéndez and Woodworth
2010). Urbanization, largely through the increase of runoff caused by impermeable
surfaces, has long been known to contribute to ‘flashier’ flooding patterns that result in
increased exceedance values (Hollis 1975) and can degrade tidal marshes. Tidal marshes
in New York and Connecticut have particularly suffered, experiencing relatively high
levels of marsh loss within the region (Tiner 2013; Hartig et al. 2002; Deegan et al.
2012). For example, some islands in Jamaica Bay, New York, USA have lost over 50%
of their vegetated area since 1924, and probabilities of erosion have accelerated through
time (Hartig et al. 2002).

New York and Connecticut also include the study plots with high nest flooding
probabilities relative to the local maxima of high tides. Notably, these areas are the
geographic center of the global saltmarsh sparrow population, which is considered
imperiled (Greenlaw and Rising 1994; IUCN 2012; Butcher et al. 2007). Latitude alone
may have once been a good predictor of nest flooding in saltmarsh sparrows, as
maximum high tides do show a latitudinal gradient (Fig. 2.1). Locally heterogeneous
responses to climate and landscape changes, however, may have altered any historical
tradeoff between biotic and abiotic causes of nest failure. Regardless, modern saltmarsh
sparrow populations are affected by an axis of abiotic stress that is independent of
latitude, whether heterogeneous flooding has existed throughout the Holocene or is a
result of recent patterns of anthropogenic modification of the landscape.

Like nest depredation probability, total nest survival probability was related to
latitude (Fig. 2.2C). We observed the highest predicted nest-survival probabilities at the

highest latitudes. This result serves as a single empirical example of how reproductive
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success varies across a species’ range. We suggest that more investigations in the same
vein are necessary to understand how interactions between niches and environmental
heterogeneity produce patterns of population growth through time and across space.
Joseph Grinnell (1904) hypothesized that populations toward the center of a range exhibit
the highest population growth, because the environmental conditions will be most
favorable for a given species there (see Sagarin et al., 2006 for a recent review). Our
results do not support Grinnell’s hypothesis, though we do not consider this project a
direct test of Grinnell’s hypothesis because we did not measure total population growth.
Further, nest survival probability is commonly used as a proxy for fecundity in the
ornithological literature, but it remains several steps removed from annual fecundity
(Olsen et al. 2008; Etterson et al. 2011a; H. M. Streby et al. 2014). Variations in life
history traits such as clutch size or renesting probability could transform nest failure
probabilities across the range into different spatial patterns of annual fecundity. While
life history adaptations may show different patterns than those reported here, the spatial
pattern for exogenous drivers of fecundity remains clear.

Our study suggests that while different range edges may occur due to different
stressors, adaptation to abiotic stressors does not necessarily prevent adaptation to biotic
stressors. To understand what, if any, evolutionary consequences exist for the species
due to the balance of abiotic and biotic stressors across the range, we must better quantify
fecundity. Future studies should include life history parameters such as clutch size or
renesting rates and the variation associated with each across the global range of a species.
Furthermore, we found that a single vital rate was independently affected by abiotic and

biotic stressors across space. However, range-limiting factors could affect multiple vital
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rates, and future studies should include survivorship and population connectivity.
Understanding the demographic and spatial dynamics of species’ ranges is an important
topic in theoretical ecology, and will become increasingly important for conservation in

the face of climate change.
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CHAPTER 3: SEASONAL FECUNDITY IS NOT RELATED TO RANGE

POSITION ACROSS A SPECIES’ GLOBAL RANGE

3.1. Summary

The range of a species is determined by the balance of its demographic rates
across space. Population growth rates are widely hypothesized to be highest at the
geographic center of the species range, but empirical support has been mixed, and it has
rarely been studied with demographic data. Therefore, which processes determine
species’ ranges remains an open question and one of growing importance in light of
climate change. We quantified seasonal fecundity across the global range of a single
species, the saltmarsh sparrow (Ammodramus caudacutus), which demonstrates a peak of
abundance at the geographic center of its range. We compared seasonal fecundity
estimates replicated over 3 years of study to latitude. We observed no linear relationships
between fecundity and latitude. While fecundity was generally consistent at the study
plot scale, it varied greatly within the scale of tens of kilometers. Further, fecundity
estimates at study plots near to each other were as different as those from across the
range. Our results do not provide support for the hypothesis that demographic rates are
highest at the geographic center of a species range. These results instead suggest that
local drivers strongly influence saltmarsh sparrow fecundity across their global range and
that range edges in this species are likely determined by local environmental

characteristics, not gradual declines in suitability.
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3.2. Introduction

Identifying the processes that determine species’ distributions has long been a
central topic of inquiry in ecology. Fundamentally, the range of a species is determined
by the balance of demographic rates, specifically birth, death, immigration, and
emigration (Pulliam 1988), over space. Grinnell highlighted this principle in his
formulation of a hypothesis regarding the pattern and processes governing species’
ranges. Grinnell (1904) wrote, “The center of distribution of any animal is where the
greatest rate of increase is. The greatest rate of reproduction is presumably where the
species finds itself best adapted to its environment.” In other words, the core of the
species niche is found at the center of the geographic range. Moving away from the
range center, population growth rates are thought to decline as habitat becomes
increasingly marginal for the species, or toward the periphery of its niche (Pulliam 1988;
Guo et al. 2005; Brussard 1984; Saetre et al. 2001; Haldane 1956).

Little is known from empirical studies about how demographic rates vary across
species’ ranges, however (Sagarin, Gaines, and Gaylord 2006; Gaston 2009). Data on
demographic processes of wildlife are difficult to collect, and as a result, few studies have
quantified demographic rates across a wide geographic scale. Those that have provide
mixed support for Grinnell’s hypothesis that demographic rates decline from the
geographic center of a species range toward the margins (Purves 2009; Samis and Eckert
2007; Bradford, Taylor, and Allan 1997; Rhainds and Fagan 2010; Brewer and Gaston
2003; Rogers and Randolph 1986). As abundance data are much easier to collect, the
majority of investigations of the processes that determine species’ ranges have focused on

abundance and distribution data. This constitutes a deep body of literature which has also
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provided mixed support for Grinnell’s hypothesis (Gaston 2003). In some systems, a
central peak or broad plateau in abundance has been observed, with gradual declines
toward the range margins (Brown 1984; Enquist, Jordan, and Brown 1995; Svensson
1992; Hengeveld and Haeck 1982; J. T. Emlen et al. 1986; Pianka 1970; Rapoport 1982).
Other researchers have found a central peak to be more the exception than the rule,
instead observing that abundance was either unrelated to latitude or greatest toward range
margins (Sagarin and Gaines 2002; Blackburn et al. 1999; Scott et al. 1986; Kluth and
Bruelheide 2005). Finally, multiple peaks of greatest abundance or demographic rates
have been observed in some systems as well (Scott et al. 1986, Root 1988, Gibbons et al.
1993, Lawton 1993, B. McGill unpublished data). In spite of the mixed empirical
evidence for Grinnell’s hypothesis, the idea that population growth rates decline toward
range margins remains widespread in the literature.

Grinnell also connected his hypothesis to evolutionary theory, venturing that at
the geographic center of a species range where the population growth rate is highest,
individuals emigrate to more marginal populations (Grinnell 1904). This idea, in turn,
has led to the hypothesis that evolution at range-edge populations is constrained by
asymmetrical immigration from populations adapted to conditions at the center of the
range (Guo et al. 2005; Haldane 1956; Pulliam 1988; Gaston 2009). Subsequent
researchers have advanced these ideas, using the abundant-center or center-marginal
hypothesis as the basis for many ecological and evolutionary theories (see box 1 in
Sagarin et al. 2006 for a list of examples).

The interaction between ecological and evolutionary processes is important for

predicting changes in species’ distributions, particularly in light of global climate change.
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In general, species are expected to expand their ranges toward high latitudes and
elevations in response to climate change, a pattern that has already been observed
globally (Parmesan and Yohe 2003; T. L. Root et al. 2003; Chris D. Thomas and Lennon
1999; Poloczanska et al. 2013). Evolutionary processes at range margins have been
shown to be important drivers of the speed and characteristics of range expansions (C D
Thomas et al. 2001; Kolbe et al. 2004; Butin, Porter, and Elkinton 2005; Lee 2002). If
populations near high-latitude range margins are adaptively constrained by central
populations, as Grinnell predicted, we would expect lower adaptive potential and slower
expansions in the face of changing climate than for species with population growth rates
that do not decline from the geographic center of the range. Therefore, understanding the
patterns of variation in demographic rates across space and the processes that govern
them is of utmost importance for conserving global biodiversity in the face of climate
change.

To address the question of how demographic rates vary across species’ ranges, we
quantified fecundity for multiple populations of a single species, the saltmarsh sparrow
(Ammodramus caudacutus), across the majority of its range. Specifically, we tested
whether saltmarsh sparrow seasonal fecundity was related to latitude and decreased
linearly with increasing distance from the geographic center of the species range.

Saltmarsh sparrows breed exclusively in tidal marshes on the coast of the
northeastern United States, from southern Maine to Virginia (Greenlaw and Rising 1994).
Therefore, saltmarsh sparrows provide an ideal study system for exploring latitudinal
patterns in demography because their geographic range is linear, runs roughly north-

south, and is clearly limited to the east and west by the absence of suitable habitat (Tiner
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2013). Further, the future distribution of saltmarsh sparrows is imperiled by sea-level
rise. Populations in the center of their range are predicted to experience complete
reproductive failure by 2050 (C. Field and C. Elphick, unpublished data).

Like many species, saltmarsh sparrows exhibit a peak of abundance at the
geographic center of their range (W. Wiest et al. in review). Daily nest survival
probability, a commonly used proxy for avian fecundity, increases with latitude for
saltmarsh sparrows, however (Ruskin et al. in review). This pattern stands in contrast to
Grinnell’s hypothesis, but daily nest survival probability is an imperfect index for
fecundity. Daily nest survival probability is several steps removed from and correlates
poorly with seasonal fecundity, or the number of young produced by an individual in a
given year (Etterson et al. 2011b; Anders and Marshall 2005; Jones et al. 2005; B. C.
Thompson et al. 2001; Murray 2000). Seasonal fecundity incorporates several other
parameters, such as clutch size, brood size, and renesting rate (Etterson et al. 2011b;
Etterson and Bennett 2013). Each of these traits could serve as sites of adaptation, by
which populations could alter seasonal fecundity without concomitant changes in nest
survival (Peakall 1970). To quantify seasonal fecundity of saltmarsh sparrow in
populations across the species range, we used a novel method to incorporate both nest

survival probabilities and a suite of life history parameters.

3.3. Methods
3.3.1. Data collection
From 2011 to 2013, we implemented a standardized data collection protocol

(Ruskin et al. in review) at twenty-three study plots spanning a great circle distance of
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approximately 575 km. Our survey covered 59% of the saltmarsh sparrow’s global
breeding range (Wiest et al. in review) and 89% of the breeding range of the nominate
subspecies, Ammodramus caudacutus caudacutus (Montagna, 1942). Study plots fall
into four subregions (Gulf of Maine, Long Island Sound, New York Harbor, and Coastal
New Jersey) based on watersheds and large geographic features (Table 3.1). Each study
plot consisted of a 1 to 28 ha area of tidal marsh in the high-marsh zone, the area of the
marsh where saltmarsh sparrows nest. In the northeastern United States, the high-marsh
zone generally floods once or twice per month and is typically dominated by the grasses
Spartina patens and S. alterniflora.

We searched for nests at least once per week throughout the breeding season
(May to August) at each study plot. Once we found a nest, we revisited it every 2-5 days
to determine success or failure. We captured females associated with nests using mist
nets and individually marked females with uniquely numbered aluminum leg bands to
track multiple breeding attempts within the same season. In part of their range (Gulf of
Maine), saltmarsh sparrows are sympatric and interbreed with their sister species, the
Nelson’s sparrow (Ammodramus nelsoni). In the hybrid zone, we could only identify a
nest as belonging to a saltmarsh sparrow if we successfully caught the female, whereas
outside of the hybrid zone (Long Island Sound and south), saltmarsh sparrow nests could
be identified by their eggs and location. Species identity within the hybrid zone was
assigned using a linear discriminant function analysis developed to predict the genetic
species identity using morphometric and plumage characteristics (Jennifer Walsh et al.

2015).
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If a nest failed, we determined the cause of nest failure based on evidence at the
nest site (e.g. drowned chicks, broken eggs, and whether the nest was wet, for example;
see Ruskin et al. in review for full protocol). We considered nests successful if, after
survival on all previous visits, they were found empty when at least one nestling would
be 10 days old, the age at which chicks are able to leave the nest (Greenlaw and Rising
1994).

Our previous work at these study plots (Ruskin et al. in review) showed that nest
survival is best explained by a combination of nest depredation (as a function of latitude)
and nest flooding (as a function of both regular tidal flooding and irregular storm events).
To model nest survival similarly for this study, we recorded the latitude of each study
plot at its approximate center using ArcGIS version 10.1 (Environmental Systems
Research Institute, Redlands, CA, USA 2010). To include variability in both regular and
irregular flooding, we used the observed daily maximum water levels at the National
Oceanic and Atmospheric Administration (NOAA) station nearest to each study plot
(approximately 15-50 km by water). We collected data from nine NOAA stations that

each served one to five of our study plots.
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Table 3.1. Location, sample size, and parameter information for all study plots.
Demographic study plots spanned from New Jersey to Maine, USA, 2011-2013.
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Oyster Creek NJ 395 -744 30 10 80 244 (daily water level)*  subregional®
Mullica Wilderness NJ 395 -744 70 40 178 5838  (daily water level)* subregional®
AT&T NJ 397 -742 68 36 205 659 (dailywater level)* subregional®
Four Sparrow Marsh® NY 406 -739 15 12 86 326  (daily water level)*  subregional®
Sawmill Creek NY 406 -742 26 21 60 227  1Qtcailywaterieve) subregional®
Marine Nature Park® NY 406 -736 10 7 86 326  (daily water level)*  subregional®
Idlewild? NY 407 -738 6 5 86 326  (daily water level)* subregional®
East River CT 413 -727 60 24 145 511  JQtealywaterleve) subregional®
Hammonasset CT 413 -725 50 33 140 486  pluailywaterievel) subregional®
Pattagansettb CT 413 -722 5 2 N/A  N/A N/A N/A
Waterford® CT 413 -721 1 0 N/A  N/A  NA N/A
Barn Island CT 413 -719 33 8 62 238 1 5ldalywaterievel) subregional®
John H. Chaffee RI 414 -715 28 4 74 263 (daily water level)*  subregional®
Sachuest Point RI 415 -712 20 O 33 126 (daily water level)*  subregional®
Parker River MA 428 -708 26 26 106 339 (daily water level)* subregional®
Chapman's Landing NH 430 -709 129 129 700 1648 (daily water level)> study plot
Lubberland Creek NH 431 -709 25 25 119 327  1Qtcailywaterieve) subregional’
Eldridge Road ME 433 -706 60 60 228 576  Udlywatrlevel) study plot
Little River® ME 433 -705 4 2 N/A  N/A  NA N/A
Jones Creek ME 435 -704 78 78 337 886  1Qtailywaterieve) study plot
Nonesuch River ME 436 -703 28 28 124 308 (daily water level)* subregional®
Libby River® ME 436 -703 4 4 NA NA N/A N/A
Scarborough Marsh ME 436 -704 58 58 235 593 (daily water level)* study plot

®Combined for ‘Jamaica Bay’ study plot
®Did not meet minimum number of observations for any parameter, no MCnest

simulations performed
‘New Jersey coast subregion

INew York Harbor subregion
®Long Island Sound subregion
'Gulf of Maine subregion
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3.3.2. Statistical analyses
3.3.2.1. Overall procedure

We used the program MCnest to estimate average seasonal fecundity of females
at each study plot via population projections. For full details on MCnest, see Bennett and
Etterson (2007) as well as Etterson and Bennett (2013). In short, MCnest creates a
compound Markov chain composed of time-varying transition probabilities from one
state to another based on daily nest failure probabilities and various life history
parameters. Each day of the breeding season is a separate state that falls within seven
non-overlapping stages: pre-breeding, rapid follicle growth (beginning of egg formation),
egg laying, incubation, nestling brooding, waiting to renest, and post-breeding. The
compound Markov chain ultimately describes the probabilities of every transition from
one state to another, all of which can vary on each day of the breeding season. For
example, females can be more likely to renest early in the breeding season compared to
late in the breeding season. Projections then simulate females within this Markov chain
and calculate the mean number of successful broods per season across all simulated
females, as well as this value multiplied by brood size to calculate the mean number of
young fledged per season by each female.

For each study plot, we modeled a population of 100 females to estimate mean
seasonal fecundity and its variance. We parameterized the length of each stage and
transition probabilities using either field data or values from the literature. We included
observed spatial variation in these parameters whenever possible and appropriate.
Finally, we explored the relationship between seasonal fecundity and latitude across the

saltmarsh sparrow range.
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3.3.2.2. Building the Markov Chain — determining the length of each stage

While each state in the Markov chain is precisely one day, the length of each
stage varies as a function of life history parameters. We obtained values from the
literature for three life history parameters that were outside of the scope of our study. We
assumed an egg-formation interval (i.e., rapid follicle growth stage) of 4 days based on
the published relationship between egg mass and egg-formation (Alisauskas and Ankney
1992). We assumed females laid one egg per day, a pattern that is observed widely
within songbirds (Gill 2007; Perrins 1970) and is consistent with our observations in the
field. Finally, we used a nestling interval of 10 days based on previous research on
saltmarsh sparrows (Greenlaw and Rising 1994). Again, our observations were
consistent with this value, although our 2-5 day visit schedule did not permit precise
estimation of this parameter using our data.

We used our field data to calculate the remaining stage lengths: clutch size
(contributes to the egg-laying stage length), incubation, wait interval before renesting,
and total breeding season length. Wait intervals before renesting were variable in all
projections because MCnest randomly draws from the distribution of observed wait
intervals for each female that renested. For the remaining parameters as well as brood
size, we chose values for each projection by testing for differences in the parameter by
study plot using multinomial regressions (R Core Team 2014, base package) and
comparing the resultant model to an intercept-only null model. For parameters that did
not vary significantly by study plot or for which we had too little data to test for
differences among study plots, we used the global mean trait value (across nests at all

study plots) in MCnest projections for all study plots and years. For parameters that
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varied significantly by study plot, we used the mean trait values at the study plot when
the number of measurements at a study plot met a required minimum (justification for
this minimum below). For parameters that varied significantly by study plot but the
number of cases at a study plot did not meet the required minimum in all years, we used
the subregional mean trait values for the MCnest projections of that study plot. We did
not perform MChnest projections for study plots that failed to meet the minimum number
of observations for all parameters, though nests at excluded study plots are included in
the subregional and global mean trait value estimates. For those life history parameters
that varied by study plot, we used linear regressions to characterize the relationship
between latitude and variation of each trait (R Core Team 2014, base package).

We determined the start and end of the breeding season, or the number of states in
the entire Markov chain, based on the earliest and latest breeding dates we observed in
the field. For all nests, we calculated first egg dates, or the date the first egg of each
clutch was laid, in three ways: 1) for nests that were observed in the midst of egg-laying,
we back-counted to the date the first egg was laid (assuming 1 egg per day); 2) for nests
that hatched, we back-counted based on the estimated age of chicks at the first visit post-
hatch, combined with an incubation interval of 12 days (mean and mode of our data,
inclusive of the final egg-laying day and hatch day); 3) for nests that were neither
observed during egg-laying nor hatched, we used all the nests that were found during
egg-laying or hatched from that year and study plot to estimate the average number of
days between first egg date and when the nests were discovered. We then subtracted this
average from the discovery date for nests that neither were found during egg-laying nor

hatched to estimate when the nest likely was initiated, assuming that the local habitat

40



(e.g. height of the vegetation, accessibility of the marsh) and observers (crews included
different technicians in each year) were most likely to influence discovery rate of nests.
Because our survey spanned three years, our replication was too limited to test for
differences in earliest and latest first egg dates by study plot (n=3 for each study plot).
Instead, we used linear regressions (R Core Team 2014, base package) to test whether

earliest and latest first egg dates varied with latitude to conserve degrees of freedom.

3.3.2.3. Minimum number of cases required for study plot —level parameter values

We set a minimum sample size necessary to estimate parameters for a study plot
(instead of using the subregional or global mean) to prevent bias due to low sample sizes
at some study plots. Using the most variable life history parameter (clutch size), we
compared the mean and standard error for 20 random draws of nests at our largest study
plot to the mean and standard error of the full sample at that study plot. If the standard
errors for more than one random draw of 20 did not overlap those of the population
mean, we increased the size of our random draw and repeated the method. By this
process, we determined that 20 observations were sufficient to estimate study plot-level
means for our most variable life history parameter. Conservatively, we used this
minimum sample size for all our parameters that were approximately normally
distributed. Earliest and latest first egg dates are based on maxima and were not normally
distributed. To be conservative, we doubled our minimum number of observations

required for study plot-level estimates of these traits.
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3.3.2.4. Building the Markov Chain — populating the Markov Chain with transition
probabilities

To estimate daily initiation probability, or the probability that a female begins
breeding on any given day, we calculated the mean number of days each identified
female waited until beginning to breed (earliest first egg date of a given identified female
at a study plot minus the earliest first egg date for any female at the study plot). We took
the inverse of this value as the daily probability of breeding initiation, and calculated the
mean daily probability of breeding initiation for females within a study plot and year.
We used only nests that had both identified females and first egg dates that were
observed during egg-laying or calculating based on hatching (excluding nests for which
first egg date was estimated based on study-plot averages of discovery rates). Finally, we
averaged the daily probability of breeding initiation for all study plots with at least 10 and
at least 20 nests that met these requirements, because no study plot had 40 nests that met
this requirement in any year.

At the completion of a female’s nesting attempt (success or failure), she was
subject to renesting probability. To determine whether to vary renesting probability
across the range, we employed two tests; we used a multinomial regression to test
whether number of nesting attempts per breeding season varied by study plot and a linear
regression to test whether renesting probability was related to latitude (R Core Team
2014, base package). Based on the observed differences in renesting rate across the
range, we characterized the daily transition probabilities of renesting throughout the
breeding season for four study plots that met the minimum number of observations and

for each subregion to use for the remaining study plots. For each of the four study plots
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and four subregions, we created a logistic regression (R Core Team 2014, base package)
to model the relationship between date in the breeding season and whether a female
renested following the completion of a nesting attempt. The daily renesting probabilities
serve as the transition probabilities in MCnest. If a nesting attempt in our Markov chain
model ended, however, after the latest field-observed nest initiation date for that
subregion and year, the transition probability to post-breeding was set to one. In this
way, we did not model any nesting attempts that began later than our field observations.
Between breeding initiation and post-breeding, females were subject to daily nest
failure probabilities except during egg-formation and the wait interval before renesting
because during those stages, females do not have nests with contents (presumably they
are nest-building during these stages). Daily probabilities of nest failure vary by latitude
and in response to water level in our system (Ruskin et al. in review). Based on this
knowledge, we generated daily nest failure probabilities for each study plot based on
these covariates. We used the program MCestimate, which employs a Markov chain
algorithm and a generalization of the Mayfield method, to estimate daily nest flooding
and depredation probabilities from our nest monitoring data (Shaffer 2004; Etterson,
Nagy, and Robinson 2007; Etterson, Greenberg, and Hollenhorst 2014; Mayfield 1975).
Because we have previously found that latitude is the best predictor of nest depredation
probability for these study plots and years (and thus we did expect depredation rates at a
given site to vary through time; Ruskin et al. in review), we created an intercept-only
model of nest depredation probability at each study plot. We have also determined
previously that nest flooding probability is best predicted by indices of flooding due to

both regular astronomical tides and irregular, weather-related tides (Ruskin et al. in
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review). We therefore modeled nest flooding probability for each study plot as a function
of the observed daily maximum water level at the nearest NOAA station to incorporate
both types of flooding. Thus, for each study plot, we used nest depredation probabilities
that were constant throughout the breeding season and among years, whereas nest
flooding probability varied through time.

For saltmarsh sparrows, nest flooding probability is not a linear function of
observed water depth due to the elevation profiles of tidal marshes. Flooding risk is low
until water spills over the stream channels of the lower marsh and into the high marsh
plain. Further, the steepness of the non-linear relationship between water depth and high
marsh flooding probability varies by marsh according to local microtopography. Thus,
we tested a variety of transformations (Table 3.1) to model the threshold function of
flooding probability in the high marsh zone by study plot. We used second order
Akaike’s Information Criterion (AIC;) to compare candidate models while accounting for
small sample size, using the criterion that models with AAIC¢ < 2.0 were equivalent
(Burnham and Anderson 2002; Akaike 1974). We used the top model for each study plot
as the transformation of water level data for all subsequent steps. At two study plots
(Hammonasset and Lubberland Creek), we observed no depredated nests. For those
study plots, we modeled overall daily nest failure probability, rather than just the
component nest flooding probability, as functions of the observed daily maximum water

level data.
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3.3.2.5. Latitude versus seasonal fecundity

To test our hypotheses regarding spatial variation in fecundity across the range,
we used a linear regression (R Core Team 2014, base package) to compare our predicted
seasonal fecundity (as estimated by MCnest population projections for each study plot
and year) to study plot latitude. We modeled a quadratic relationship between latitude
and seasonal fecundity because we predicted that seasonal fecundity would be highest at
the geographic center of the saltmarsh sparrow range and decline linearly toward the
range margins. We then quantified variance in seasonal fecundity via pairwise
comparisons. For each pair of projections (with separate projections for each plot-year),
we calculated the differences in both seasonal fecundity and latitude. We compared
variance of seasonal fecundity within and among study plots, as well as within and
among subregions with analyses of variance (R Core Team 2014, base package). Finally,
we used a linear regression to test whether the difference in latitude between projections
predicted the difference in their seasonal fecundity estimates. Because there were many
more pairwise comparisons that were geographically close than distant, we controlled for
sampling effort through subsampling. We randomly subsampled within each distance
band (degree of latitude), drawing the number of pairwise comparisons in the distance
band with the fewest comparisons (i.e., the greatest distance). We randomly subsampled
the dataset 10 times and ran a linear regression between latitudinal distance and

difference in seasonal fecundity for each subset of data.
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3.4. Results
3.4.1. Data collection

We collected nest monitoring data from 833 saltmarsh sparrow nests for this
analysis. The number of nests monitored at each study plot ranged from one to 129. We
found fewer than the minimum 20 nests at six study plots. We did not create MCnest
projections for the three study plots that hosted five or fewer nests. The remaining three
study plots that did not meet the minimum are all in New York City and are small,
fragmented patches of Jamaica Bay. No study plot in Jamaica Bay reached the minimum
20 nests, but they had 30 nests combined. We combined nests from these study plots into
an additional “Jamaica Bay” site. We characterized the relationship between latitude and
seasonal fecundity both with and without this combined site.

Observations were made between May 17 and September 2 of each year. We
made 3,133 nest visits. Only 3,084 of those nest visits were at study plots for which we

estimated seasonal fecundity, yielding a total sample size of 8,997 exposure days.

3.4.2. Building the Markov Chain — determining the length of each stage

Clutch size varied by study plot (p<0.001 compared to the intercept-only null
model) and there was a trend of increasing clutch size with latitude, but it was only
marginally significant (F1s15=3.5, p=0.06, adjusted R?=0.003; Fig. 3.1). The difference
in mean clutch size between the study plots at lowest and highest latitudes was less than
one egg, however, so we used the global modal clutch size of four eggs in MCnest
projections at all study plots. The global mean clutch size (x sd) was 3.66 (x£0.74 sd)

eggs or nestlings per clutch. Incubation interval did not vary by study plot (p=0.27

46



compared to the intercept-only null model). The global mean incubation interval (£ sd)
was 12.09 (£0.98 sd) days (inclusive of the final egg-laying day and hatch day) and the
mode across all study plots was 12 days. Thus, we used 12 days as the incubation
interval in MCnest projections for all study plots. We observed at least 20 wait intervals
between nesting attempts at only one study plot, and so we could not test whether wait
interval varied by study plot. Instead, we used all of the observed wait intervals for
MChnest projections at all study plots. The global mean observed wait interval (+ sd) was
10.66 (£9.47) days after we observed the completion of the previous nesting attempt,
which due to the nest monitoring schedule, would have been 0-4 days after actual

completion.
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Figure 3.1. Clutch size increased with latitude. Clutch size varied by study plot (p<0.01
compared to the intercept-only null model) and we observed a trend of increasing clutch
size with latitude, but it was only marginally significant (F1 g15=3.5, p=0.06, adjusted
R?=0.003).
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3.4.3. Building the Markov Chain — populating the Markov Chain with transition
probabilities

Using only study plots with at least 20 nests to estimate breeding initiation
probability (N=5), the mean number of days a female waited to begin breeding was 23.7,
equaling a daily breeding initiation probability of 0.04. Similarly, using study plots with
at least 10 nests (N=24), the mean number of days a female waited to begin breeding was
24.1, also equaling a daily breeding initiation probability of 0.04. Too few study plots
met our sample size requirements to test whether breeding initiation probability varied by
study plot. We therefore used a daily breeding initiation probability of 0.04 in MCnest
projections at all study plots.

Number of nesting attempts varied by study plot (p=0.007 compared to the
intercept-only null model) and increased with latitude (F; 494=12.2, p<0.001, adjusted
R?=0.02). Only four study plots met the required minimum of observations to
characterize number of renesting rate at the study-plot level. Pooled subregional means
(z sd) were as follows: NJ Coast = 1.06 £ 0.24 nesting attempts per female; NY Harbor =
1.36 £ 0.60; Long Island Sound = 1.10 £ 0.30; Gulf of Maine =1.29 + 0.51.
Concomitantly, females showed regional variation in their renesting propensity as the
season progressed (Fig. 3.2). Earliest first egg date varied by study plot (F2,30=2.0,
p=0.04, adjusted R?*=0.29) and increased with latitude (F15,=11.2, p=0.002, adjusted
R?=0.16). Latest first egg date varied by study plot (F2230=2.0, p=0.04, adjusted
R?=0.30) but was not related to latitude (F15;=1.7, p=0.20, R?=0.01).

Various transformations were selected as the top models (Table 3.1) for the

relationship between observed daily maximum water level and nest flooding probability
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at each study plot. For two study plots, the null model was better than the daily observed
water level models. For those two sites, daily flooding probability was held constant and

therefore did not vary throughout the breeding season or among years.

3.4.4. Latitude versus seasonal fecundity

Brood size did not vary by study plot (p=0.13 compared to the intercept-only null
model). As a result, the global mean brood size (£ sd) of 2.73 (£1.05 sd) was used in all
MCnest projections for all study plots, and we present seasonal fecundity estimates as
measured by mean number of successful broods per season for each female. We
observed a wide range of estimated seasonal fecundity (95% confidence interval) across
study plots, from 0.09 (0.05-0.13) and 0.78 (0.61-0.94) successful broods per season for
each female. Combined with the global mean brood size, this equates to means of 0.26
(0.14-0.35) and 2.29 (1.67-2.57) fledged young per season for each female in a
population. The mean seasonal fecundity (x sd) across all populations and years was
0.46 = 0.16 successful broods per female per season, or 1.26 + 0.45 young per female per
season. Within a single year, the maximum variation in seasonal fecundity among study
plots was between 0.09 and 0.25 broods per season for each female at a single study plot.

Seasonal fecundity did not vary with latitude across the saltmarsh sparrow range,
both with (F;44=1.5, p=0.23 (overall model), p=0.09 (linear term), p=0.09 (quadratic
term), adjusted R?=0.02; Fig. 3.3) and without the combined Jamaica Bay site (F,4,=1.8,
p=0.18 (overall model), p=0.06 (linear term), p=0.06 (quadratic term), adjusted R?*=0.04).
We observed significantly more variance in seasonal fecundity estimates among study

plots than within them (F117=40.8, p<0.001, adjusted R?=0.04; Fig. 3.4A). The
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variance in seasonal fecundity estimates among subregions did not differ from variance
within subregions (Fy1036=0.2, p=0.66, adjusted R?=<0.001; Fig.3.4B). Similarity in
seasonal fecundity estimates increased with the latitudinal distance between projections
(F1,1036=17.9, p<0.001, R?=0.02; Fig. 3.4C). This pattern was consistent in 9 of 10
subsamples used to control for the effect of sampling size across different distance bands.
However, when we removed study plots in Long Island Sound, which exhibited more
variable seasonal fecundity estimates than the other subregions, there was no relationship
between latitudinal distance and seasonal fecundity difference between projections
(F1.404=0.2, p=0.63, adjusted R?<0.001; Fig. 3.4D). This pattern was consistent in 10 of

10 subsamples.
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Figure 3.2. Observed cases and modeled probabilities of renesting. Observed cases of
females quitting their breeding attempt for the season versus renesting (circles) were used
to model daily renesting probabilities (lines) within the four subregions (A-D) and at four
study plots that met the required number of observations (E-H).
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Figure 3.3. Seasonal (annual) fecundity by study plot. The star denotes the geographic
center of the saltmarsh sparrow’s latitudinal range. The map below the figure is aligned
to show the approximate locations of the estimates above. Study plots were within the
boxes and the breeding range of the Saltmarsh Sparrow is shaded.
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Figure 3.4. Variation in seasonal fecundity. A) Variation in seasonal fecundity among
study plots was greater than variation within study plots (F11079=40.8, p<0.001, adjusted
R?=0.04). B) Variation among subregions was equivalent to variation within subregions
(F1.1036=0.2, p=0.66, adjusted R?<0.001).
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Figure 3.5. Seasonal fecundity estimate differences relative to distance. A) Seasonal
fecundity estimates were increasingly similar at greater distances in the entire sample
(F1103=17.9, p<0.001, R>=0.02). B) This trend did not persist when Long Island Sound
study plots, which experienced particularly variable seasonal fecundity estimates, were
removed (F149,=0.2, p=0.63, adjusted R*=0.001).
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3.5. Discussion

Though saltmarsh sparrow abundance peaks at the geographic center of their
range (W. Wiest et al. in review), fecundity did not vary linearly throughout the range.
Instead, seasonal fecundity estimates were relatively consistent within each study plot but
varied widely even among nearby study plots. These results suggest that local drivers,
whether plasticity, adaptation, or exogenous factors related to local habitat, strongly
influence saltmarsh sparrow fecundity across their global range.

Species ranges, which are the product of demographic rates, are often thought to
be governed by large-scale processes. For example, abiotic stressors are thought to limit
the distribution of species toward high latitudes while biotic stressors limit species toward
low latitudes (Dobzhansky 1950; MacArthur 1984; Brown, Stevens, and Kaufman 1996).
This theory has been supported in a wide array of systems (Loehle 1998; Normand et al.
2009; Pianka 1970; Brown 1995), including saltmarsh sparrows (Ruskin et al. in review).
Specifically, saltmarsh sparrow nest depredation probability increases with decreasing
latitude, while probabilities of nest flooding outweigh probabilities of depredation for
populations near the high-latitude range margin.

Despite these large scale and latitudinal trends in the exogenous drivers of
fecundity, female behavior appears to ameliorate macroecological patterns of nest
success. Our results thus do not support the hypothesis that populations at the
geographical periphery of a species range are constrained by adaptations of populations at
the center of the range. Further, we find no evidence that range expansion due to climate
change would be hindered by the demographic influence of central or peripheral

populations in this species. Our results instead point to the importance of local factors in
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shaping seasonal fecundity. We observed a mosaic of source and sink habitats
throughout the range, rather than central source populations that transition to sinks
toward the range margins. These results are consistent with previous research that
inferred both source and sink habitat patches at nine sites inhabited by saltmarsh
sparrows using genetic data (J Walsh et al. 2012). Walsh et al. also observed that
saltmarsh sparrows exhibited relatively strong spatial patterns in population genetic
structure, particularly compared to other migratory birds which are generally considered
too mobile to exhibit strong spatial structure in populations (Crochet 2000).

Habitat patchiness has been hypothesized as a potential disruptor of range-center
peak fecundity. One of the assumptions of Brown’s influential hypothesis on range-
center peak abundance is that environmental variables which affect the population growth
rate of a species are autocorrelated (Brown 1995; Brown 1984; Brown, Mehlman, and
Stevens 1997). Patchy habitats like tidal marshes may violate this assumption, resulting
in the variable mosaic of fecundity we observed (J. A. Wiens 1989; Brown 1995). Future
studies should characterize the variability of habitat among tidal marshes, test whether
tidal marshes are more patchy and heterogeneous than other habitat types, and correlate
habitat variables with saltmarsh sparrow seasonal fecundity. Future studies should also
test whether local adaptation or plasticity is shaping the observed heterogeneity in
saltmarsh sparrow fecundity by examining saltmarsh sparrow fecundity at an individual,
rather than population, level. Local adaptation or plasticity might increase the capacity of
saltmarsh sparrow populations to specialize on a small spatial scale in expanded or

changing habitat.
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Future studies should also examine individual fitness to expand the sample size
from what is presented here. Though we observed no large-scale trend in mean seasonal
fecundity relative to latitude, perhaps instead we would expect to observe a filled curve
of constraint where a peak in fecundity is only detectable among the top quantile of
individuals within each population. Such a pattern would indicate that the maximum
fecundity is possible near the geographic range center of a species, but local processes
can diminish the fecundity to zero at all sites. In fact, the observed patterns of many
studies of abundance over space suggest this pattern (Samis and Eckert 2007; Sagarin and
Gaines 2002; Brown 1995; Gaston 2003). Our sample size was likely too small to detect
the pattern of a filled curve, as we observed only 19 study plots, but the study plot with
highest estimated fecundity was indeed near the range center (Fig. 3.3).

While this study is an empirical step forward in documenting range-wide
variation in fecundity, seasonal fecundity is only part of the demographic equation. It is
possible that variation in adult survival and dispersal would cause population growth
rates of saltmarsh sparrows to vary systematically across their geographic range.
Preliminary analyses of adult survival at these same study locations, however, reveal no
geographically systematic differences (C. Field unpublished data). Further, fewer than
<2% of individuals were observed to move among study plots, which were as little as
<0.5 km apart (K. Ruskin unpublished data). Therefore, it seems unlikely that either
adult survival or movement is likely to produce rates of population growth that are
fundamentally different from the pattern of seasonal fecundity.

Regardless of the patterns of survival and movement, however, it remains

interesting that seasonal fecundity shows no relationship with latitude though saltmarsh
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sparrows reach peak abundance at the geographic center of their range. Our results stand
in contrast to a long history of theory and assumptions within the ecological literature and
joins a growing body of evidence that fecundity does not decline linearly with distance
from the geographic center of the range and peak abundance for many species. Our
results suggest that local drivers strongly influence large-scale patterns of fecundity in
saltmarsh sparrows, and that range edges in this species are likely determined by local
environmental characteristics, rather than declines in habitat suitability across a large

spatial scale.
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CHAPTER 4: INTRASPECIFIC NICHE BREADTH, BUT NOT POSITION, IS

CONSTANT ACROSS A SPECIES RANGE

4.1. Summary

In the half-century since Hutchinson proposed the model of an n-dimensional
hypervolume to describe a species’ niche, evidence suggests that niches, like any other
phenotypic character, vary intraspecifically across a species’ geographic range.
Intraspecific niche variation challenges the widely-held paradigm of niche conservatism,
which predicts that niches are constant within a species or vary minimally, in concert
with range position. To explore the patterns, causes, and fitness consequences of
intraspecific niche variation, we characterized the habitat selection of a single species, the
saltmarsh sparrow (Ammodramus caudacutus). We created 8-dimensional hypervolumes
to describe the niche space of nest sites and available environmental space at 17 study
plots spanning 59% of the global breeding range of saltmarsh sparrows. We found that
position of both nesting niche and available environmental space, as well as the similarity
between locally available and selected habitat, differed over the range but were not
related to range position. Some, but not all, of the intraspecific niche variation we
observed was related to local habitat availability. The similarity between nesting niche
and available habitat did not appear to have fitness consequences, and thus we observed
no signs of habitat marginality near the range margin of saltmarsh sparrows. Our results
point to high levels of habitat heterogeneity and the importance of local drivers in

shaping intraspecific niche variation. The high-latitude range margin of saltmarsh
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sparrows is not likely limited by available niche space at the spatial scales we examined,

but rather may be governed by other axes of the niche at larger spatial scales.

4.2. Introduction

In the half-century since Hutchinson (1957) proposed the model of an n-
dimensional hypervolume to describe a species’ niche, multiple lines of evidence have
suggested that niches, like any other phenotypic character, are not constant across a
species’ geographic range. For example, habitat preferences of a species may differ
within its range (R. B. Root 1967; Pfenninger, Nowak, and Magnin 2007; Lennon and
Martiny 2008); common garden experiments show that lineages from different regions of
the geographic range of a species persist differently or not at all when displaced to
another region (Svanbdck and Schluter 2012; Rehfeldt et al. 1999; Ying 1991); and in a
wide range of systems, species do not occupy habitats that appear suitable as predicted by
environmental variables shown to influence distribution (De Moraes Weber et al. 2014;
Svenning and Skov 2004; Murphy and Lovett-Doust 2007; Ryan Shipley et al. 2013).

Though intraspecific niche variation has been observed in situ, experimentally
increased in the lab (Agashe and Bolnick 2010; D | Bolnick 2001; Daniel I Bolnick 2004;
Parent, Agashe, and Bolnick 2014), and is thought to contribute to the most promising
examples of sympatric speciation (Coyne and Orr), its existence challenges the widely-
held paradigm of niche conservatism. The niche of a species is predicted to be constant
over space or at most, vary minimally if niche is a conserved trait (J. J. Wiens and
Graham 2005). Grinnell (1904) postulated that populations at the geographic center of a

species range exhibit the highest rates of increase, where the combination of
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environmental variables is most favorable. Moving away from the geographic center of
the range, the habitat is thought to become more marginal (i.e., less of the available
environmental space overlaps the species niche), supporting fewer individuals with lower
rates of increase. Thus, under a paradigm of niche conservatism, we would expect to see
changes in both niche position (i.e., the values of the hyperdimensional centroid or
boundaries) and niche breadth (i.e. the hypervolume of the niche) that parallel changes in
available environmental space along species-relevant axes. Niche conservatism also
predicts that if a niche varies intraspecifically across space, it varies minimally, and in
concert with genetic isolation. Alternatively, intraspecific niche evolution would allow
for different spatial patterns of variation, caused by evolution in response to local
differences in habitat, predation pressure, or climate, for example.

The first step to understanding intraspecific niche evolution is to describe the
pattern of niche variation across a species’ range. We present a characterization of the
habitat selection of a single species, the saltmarsh sparrow (Ammodramus caudacutus),
across the majority of its global breeding range. We tested whether niche is conserved
across the geographic range of a species and whether intraspecific niche variation is
related to available environmental space and fitness. While one can view the species
niche as a whole, it is also possible to discretely quantify niche in a modular fashion,
focusing on diet (Hindmarch and Elliott 2014; Bearhop et al. 2013; Ferreira and Absy
2015), habitat (Ciechanowski 2015; Rehfeldt et al. 1999; Thuiller et al. 2005),
ontogenetic variation (Olson 1996; Lima and Moreira 993; Scharf et al. 2000), or

functional traits (Lamanna et al. 2014; Roscher et al. 2015; Van Valen 1965), for
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example. In this paper, we characterized the nesting niches of saltmarsh sparrows, a
module of the species niche, using habitat characteristics associated with nest sites.

We quantified nesting niche position and breadth with 8 habitat characteristics
and tested whether the nesting niche of saltmarsh sparrows varies intraspecifically across
the species range. Under the paradigm of niche conservatism, we predicted that nesting
niche position and breadth was conserved across the saltmarsh sparrow range, or varied
minimally and in concert with distance as a proxy for genetic isolation (Table 4.1). We
also characterized available environmental space along the same 8 axes to test whether
local habitat availability predicted local nesting niche. We compared nesting niches and
available environmental space across the species range to test whether saltmarsh sparrow
habitat selection varies intraspecifically. Finally, we tested whether intraspecific
variation in nesting niche position and breadth correlated with fecundity to test whether

intraspecific niche variation affects fitness.
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Table 4.1. Predicted and observed patterns of intraspecific niche variation.

Em_I[_);;cal Predicted Outcomes Empirical Result
Niche Conservatism Intraspe(':|f|'c Niche
Variation
Nesting niche d(_)es Nesting niche varies Nesting niche
o not vary, or varies . o .
Variation in . ; independently of position varies,
. minimally in concert o ! .
Niche . I latitudinal distance independently of
- with latitudinal o .
Position and . or range position distance or range
distance or range . . .
Breadth oo . (distance from position, niche
position (distance .
center) breadth is constant
from center)
If available Available
environmental space  Niche position and environmental
Available varies, niche position  breadth vary either space position

environmental
space

Habitat
Selection

Niche
Position vs.
Fecundity

and breadth show
signs of marginality;
if it does not vary,
neither does nesting
niche

Evidence for similar
preferences across
range

More similar niches
have more similar
fecundity

varies and is not
related to distance
or range position,
breadth increases
with latitude

in concert with
variation in available

environment, or

independently

Evidence for some
variable preferences
across range

Evidence for some
variable preferences
across range

Fecundity is Fecundity is
independent of niche independent of
position niche position
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4.3. Methods
4.3.1. Study species and site descriptions

The distribution of saltmarsh sparrows presents a number of characteristics that
simplify niche variation comparisons. First, saltmarsh sparrows breed exclusively in tidal
marshes on the Atlantic coast of the United States, and thus the range is roughly linear in
a north-south orientation (Greenlaw and Rising 1994, W. Wiest et al. in review; Fig. 1.1).
Therefore, we expect linear trends in various environmental factors such as available
habitat and predation pressure on nest sites, which has been shown to vary with latitude
in a variety of systems (Schemske et al. 2009), including saltmarsh sparrows (Ruskin et
al. in review). Second, saltmarsh sparrows are thought to have colonized this range
following the most recent glacial retreat (Rising and Avise 1993). As a result, genetic
isolation likely follows a linear gradient within the range, with the populations south of
New York representing the ancestral population from which more northern populations
became isolated and possibly evolved gradually as they colonized new areas of the
current range. In support of this hypothesis, the genetic structure of saltmarsh sparrow
populations generally follows the pattern of isolation by distance (J Walsh et al. 2012).
Third, tidal marshes possess a relatively simple species assemblage and community
structure across this range (Tiner 2013), limiting the number of environmental axes that
are relevant to the species.

Saltmarsh sparrows exhibit a unique breeding system that further distills the
number of dimensions relevant to their nesting niche. Saltmarsh sparrows are
promiscuous (individuals do not form pair bonds) and both sexes are non-territorial

(Greenlaw and Rising 1994; Hill, Gjerdrum, and Elphick 2010). Bayard and Elphick
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(2010) found that saltmarsh sparrow nests were distributed randomly in space, showing
no signs of intraspecific competition for nest sites. Due to the high abundance of insects
in tidal marshes, it is also thought that saltmarsh sparrows experience no competition for
food (Greenlaw and Rising 1994). Therefore, saltmarsh sparrows provide a unique
opportunity to study habitat selection that is not likely influenced by territories,
dominance hierarchies, or density-dependent factors common in other avian systems.

In 2012 and 2013, we monitored saltmarsh sparrow nests throughout the breeding
season (May to early September) at 17 study plots. Each study plot included high marsh
habitat (areas with regular tidal flooding every two to four weeks), and ranged in size
from 1 to 28 hectares. Our study plots were between Maine and New Jersey and spanned
4.1° latitude, which covers 59% of the global breeding range of saltmarsh sparrows and
89% of the breeding range of the subspecies A. caudacutus caudacutus (Montagna 1942,
W. Wiest et al. in review). Our study plots included the geographic and abundance
centers of the species (approximately 40.7°N and southern New England, respectively;
W. Wiest unpublished data) and spanned to within 0.5° latitude (125 km) of the high
latitude margin of the species range.

In a portion of their range (Gulf of Maine), saltmarsh sparrows are sympatric and
interbreed with their sister species, the Nelson’s sparrow (Ammodramus nelsoni). We
could only identify a nest as belonging to a saltmarsh sparrow in the hybrid zone if we
successfully captured the female via mist nets, whereas we could identify saltmarsh
sparrow nests by their eggs and location outside of the hybrid zone (Long Island Sound
and south). We assigned species identity within the hybrid zone using a linear

discriminant function analysis developed to predict the genetic species identity using

65



morphometric and plumage characteristics (Jennifer Walsh et al. 2015). We included
only pure and back-crossed saltmarsh sparrows in these analyses, excluding Nelson’s

sparrows and both first and second generation hybrids (F1 and F2).

4.3.2. Field data collection

We conducted vegetation surveys at nests within a week of the nest completion to
minimize disturbance to females. For each study plot, we generated randomly selected
points using the “Create Random Points” tool in the “Data Management” toolbox of
ArcGIS version 10.0 (Environmental Systems Research Institute, Redlands, CA 2010).
We surveyed a randomly selected point for each nest within a week of its completion to
control for plant phenology over the course of the breeding season. Because we also
surveyed randomly selected points in association with the nests of other species (not
included in this study), we surveyed more random points than saltmarsh sparrow nests at
most study plots. We excluded randomly selected points which were in standing water
during field surveys.

At both nest and randomly selected points, we collected various vegetation
measurements within a 1-m? quadrat surrounding each point. We measured the depth of
thatch (dead vegetation from previous years’ growth) and estimated the average
vegetation height at five points: the center of the quadrat (immediately adjacent to the
nest for nest sites) and at each midpoint of the quadrat sides. We then averaged the five
measurements for each 1-m? plot. Finally, we visually estimated the percent cover of the
following dominant types: wrack (unattached dead vegetation, usually floated to the site),

bare ground (usually mud), standing water, Spartina patens, S. alterniflora, Distichlis
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spicata, and Juncus gerardii. We grouped all other cover types (typically rare species) in

a single “other species” cover category.

4.3.3. Statistical analyses

We performed all statistical analyses in R (R Core Team 2014). We excluded the
percent cover of wrack and bare ground categories from statistical analyses to eliminate
non-independence among cover categories and because they were rare on the landscape.
Thus, we used two structural (average thatch depth and vegetation height) and six percent

cover measurements for all of the following statistical analyses.

4.3.3.1. Does niche position and breadth vary over the geographic range of a species?

Using scaled data of these eight vegetation characteristics, we created 8-
dimensional hypervolumes to describe the niche space for points chosen as nest sites at
each study plot using the “hypervolume” package in R (Blonder et al. 2014a; Blonder et
al. 2014b), with years pooled. The package infers the shape and volume of n-
dimensional objects through kernel density estimation. We used a bandwidth for the
kernel density estimation identified by the Silverman estimator and a quantile threshold
of zero. The estimated hypervolume thus included all observed points, rather than some
percentage (e.g. 95%) of observed niche positions. We then calculated the volume of the
nesting niche at each study plot.

To test whether nesting niche position varied across the geographic range of
saltmarsh sparrows, we calculated the Sgrensen overlap index for all pairwise

comparisons of nesting niches among study plots. The Sgrensen overlap index is the
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volume of overlapping space between two hypervolumes, divided by the mean volume of
the two hypervolumes (Blonder et al. 2014b). We then used a linear regression (R Core
Team 2014, base package) to test whether the differences in overlap of nesting niches
between study plots predicted the latitudinal distance between them.

To describe variation in nesting niche breadth, we first created a linear regression
to test whether niche volume was related to the number of observations that contributed
to its estimation. We then calculated the proportional volume of each hypervolume,
which we define as the volume of the hypervolume divided by the number of
observations used in its estimation (to control for the effect of sampling frequency).
Finally, we created a linear regression to test whether niche breadth of selected habitat

(proportional volume of the nesting niche hypervolume) varied with latitude.

4.3.3.2. Does available habitat vary across the range of the species?

We created 8-dimensional hypervolumes to describe the available environmental
space using the scaled data from the randomly selected, non-nest points at each study
plot, with both years pooled. We then calculated the breadth of the available
environmental space in the same way as the nesting niche. To test whether the position
and breadth of available environmental space varied across the range of saltmarsh
sparrows, we calculated the Sgrensen overlap index for the hypervolumes of available
environmental space for all pairwise comparisons of study plots. We then used a linear
regression to test whether the differences in available environmental space between study

plots predicted their latitudinal distances. As with the nesting niche hypervolumes, we
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created a linear regression to test whether the proportional volume of environmental

space varied with latitude.

4.3.3.3. Does habitat selection vary across the range of a species?

We characterized patterns of habitat use relative to habitat availability across the
geographic range of saltmarsh sparrows in three ways. First, we used a multivariate
logistic regression to model point type (nest or random) as a function of the eight
vegetation characteristics, each nested within study plot (R Core Team 2014, base
package). We thus allowed both the intercepts and slopes of the fixed effects to vary
with study plot. As such, we controlled for local differences in available environmental
space and the responses of saltmarsh sparrow habitat selection in response to the possibly
heterogeneous habitat.

Second, we characterized variation in habitat selection by quantifying the
similarity between hypervolumes for nests and randomly selected points at each study
plot using the Sgrensen overlap index. We then used a linear regression to test whether
the similarity between available and selected habitat varied with latitude. Arguably, both
high and low levels of similarity between available and selected habitat could be signs of
marginality for a species. At sites with poor quality habitat for a species, individuals may
choose very specific nest locations, resulting in a narrow nesting niche that is highly
dissimilar to the available habitat. Alternatively, they may be without the option to
choose their preferred habitat and select broadly from the available habitat, resulting in a

wide nesting niche that is similar to the available habitat.
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Third, we tested whether available environmental space predicted selected habitat.
We used a linear regression to test whether the similarity of available environmental
space predicted the similarity between nesting niches (both as measured by the Sgrensen
overlap index) between study plot pairs. Combined with previous analyses, this
comparison allowed us to identify pairs of study plots where the environmental spaces
were similar, but the nesting niches were not. Such a scenario would be predicted where

nesting niche preferences vary across a range.

4.3.3.4. What are the fitness consequences of differences in niche across the range of a
species?

Finally, we tested whether the similarity between selected and available habitat at
each site was related to seasonal fecundity, as measured by the average number of
successful nests per year for each female. We obtained average seasonal fecundity
estimates that were calculated for populations at each study plot within overlapping years
of study (2011-2013) by Ruskin et al. (in review). We used a linear regression to test
whether the Sgrensen overlap index between nesting niche and random-point
hypervolumes predicted seasonal fecundity by study plot. We predicted that if the
nesting niche were conserved across the range, but available environmental space varied,
we would observe a relationship between habitat marginality (similarity of available and
selected habitat) with seasonal fecundity. Though high or low degrees of similarity
between available and selected habitat could be signals of marginality, we expect a
relationship between habitat similarity and seasonal fecundity if niche is conserved either

way. Alternatively, similar fecundity despite variations in habitat selection would be
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consistent with variable niches across the range. Further, we created a linear regression
to test whether the Sgrensen overlap between study plots (pairwise comparisons)

predicted the difference in observed seasonal fecundity between them.

4.4. Results
4.4.1. Summary

We used vegetation measurements from 658 nests and 1292 randomly selected
points. We observed between 11 and 88 nests, and 10 and 147 randomly selected points
by study plot (Table 4.2). All points were surveyed between May 17" and September

10" of each year.

4.4.2. Does niche position and breadth vary over the geographic range of a species?
The units of all hypervolumes are standard deviations to the power of the number
of trait dimensions used (Blonder et al. 2014a). The breadths of nesting niches (volume
of nest site hypervolumes) varied between 2.2 SD sd® and 10.1 SD sd® by study plot
(n=17; Table 4.2). Mean volume of nesting niche (+sd) was 5.4+2.2 SD sd®. Sgrensen
overlap indices of nesting niches between study plots pairs varied from <0.0001 to 0.44,
with a mean overlap (xsd) index of 0.16+£0.09 (n=17). Similarity among nesting niches
between study plots did not predict latitudinal distance (F; 134=0.6, p=0.43, adjusted
R?<0.001; Fig. 4.1A). Number of observations significantly predicted the breadth of
nesting niche (F115=84.8, p<0.0001, adjusted R?=0.84) for nests (Fig. 4.2). Proportional

volumes of nesting niches ranged between 0.10 SD sd®and 0.20 SD sd® by study plot,
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with a mean (+sd) of 0.15+0.03 SD sd®. Proportional volume of nesting niches by study

plot did not vary with latitude (F115=0.005, p=0.94, adjusted R?<0.0001; Fig. 4.3).

4.4.3. Does available habitat vary across the range of the species?

The breadths of available environmental spaces (random-point hypervolumes)
varied between 15.1 SD sd® and 196.7 SD sd® by study plot (n=17; Table 4.3). Mean
volume of available environmental space (+sd) was 94.4+46.0 SD sd®. Sgrensen overlap
indices of available environmental spaces between study plots pairs varied from 0.03 to
0.52, with a mean overlap index (xsd) of 0.20+0.10 (n=17). Similarity among available
environmental space between study plots did not predict latitudinal distance (F= 1.6 134,
p=0.20, adjusted R?*=0.005; Fig. 4.1B). Number of observations also significantly
predicted the breadth of available environmental space (F=60.4, 15, p<0.0001, adjusted
R?=0.79), although this relationship was much steeper than the one for nesting niches
(Fig. 4.2). Proportional volumes of available environmental spaces ranged between 0.71
SD sd® and 1.71 SD sd® by study plot, with a mean (+sd) of 1.27+0.25 SD sd®.
Proportional volume of available environmental spaces by study plot varied with latitude

(F=6.4, 15, p=0.02, adjusted R?=0.25; Fig. 4.3).
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Table 4.2. Hypervolume summary. Comparison of hypervolumes for randomly selected
points and saltmarsh sparrow nest sites by study plot from New Jersey to Maine, U.S.A.,
2012-2013.

Random points Nest sites
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Oyster Creek NJ 39.5 -744 100 713 07 18 3.09 0.2 0.05 0.48

Mullica

Wilderness NJ 39.5 -744 100 931 09 54 570 01 0.09 0.54

AT&T NJ 39.7 -742 87 863 10 59 597 0.1 0.09 0.49
Four Sparrow

Marsh NY 40.6 -73.9 68 101.3 15 37 587 0.2 0.03 0.59

Sawmill Creek NY 40.6 -74.2 75 1047 14 33 631 0.2 0.05 0.60
Marine Nature

Park NY 406 -73.6 51 562 11 19 295 0.2 0.04 0.59
Idlewild NY 407 -73.8 80 1188 15 11 219 0.2 0.01 0.59
Hammonasset  CT 413 -712.5 61 839 14 44 690 0.2 0.07 0.38
East River CT 41.3 -12.7 76 843 11 48 653 01 0.05 0.37

Barn Island CT 41.3 -711.9 47 655 14 30 541 02 0.05 0.16
Parker River MA 428 -70.8 10 151 15 20 317 0.2 0.10 0.37

Chapman’s
Landing NH 43.0 -70.9 108 1519 14 88 942 0.1 0.05 0.75
Lubberland
Creek NH 43.1 -709 3% 379 11 25 382 02 0.06 0.48

Eldridge Road ME 433 -70.6 53 746 14 35 501 0.1 0.05 0.34
Jones Creek ME 435 -70.4 147 1735 12 78 10.08 0.1 0.07 0.71

Nonesuch
River ME 436 -703 53 905 17 21 322 0.2 0.04 0.34
Scarborough
River ME 436 -704 141 1967 14 38 665 0.2 0.03 0.49
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Table 4.3. Habitat selection by study plot.

Spartina Juncus Other

Thatch  Average = Water patens Spartina Distichlis  gerardii  species

height height (% (% alterniflora spicata (% (%
Study plot (cm) (cm) cover) cover) (% cover) (% cover) cover) cover)
Oyster Creek + +++ +++ +++ - - N/A -
Mullica
Wilderness A . - Tt --- --- N/A +
AT&T + + N/A +++ --- - N/A +++
K/cl);r; r?parrow T+ + ++ - +++ - N/A -
?:?\ggli"” +++ ++ ++ + - ++ N/A +
'I;/zli?rkine Nature +++ + --- +++ - +++ N/A -
Idlewild + - - et - o+ N/A -
Hammonasset ++ Tt + Tt - + - -
East River +++ +++ - +++ - + + -
Barn Island + +++ - + - + + -
Parker River + + + - Tt + - +
Ezr?gmgn‘s +++ - +++ +++ --- - -
(IELrJ:eblfrland et . . " R + -
Eldridge Road e+ +++ - .- e+ - - .-
Jones Creek T + - +++ --- - N/A -
gﬁ/‘;?SUCh + + — . + - - -
g(i:s;tr)orough +++ + - +++ +++ - - -

Results from the nested multiple logistic regressions used to test whether means for
vegetation characteristics of nest sites differed from randomly selected points at each
study plot. Plus signs indicate that nest sites exhibited higher means than randomly
selected points (+++ when p<0.05, ++ when p<0.10, + when non-significant), while
minus signs indicate that nests exhibited lower means than randomly selected points (- - -
when p<0.05, - - when p<0.10, - when non-significant). N/A indicates that there were no
observations of the vegetation characteristic for either nest sites or randomly selected
points at a study plot.
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Figure 4.1. Similarity between nesting niches and available environmental space. A)
nesting niches of saltmarsh sparrows and B) available environmental space was not
related to latitudinal distance for all pairwise comparisons of study plots from New Jersey
to Maine, U.S.A., 2012-2013. C) Similarity between nesting niches increased with
similarity of available environmental space for pairwise comparisons of study plots,
though variability was high.
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Figure 4.2. Hypervolume breadth increased with number of observations. Niche breadth
(volume of the 8-dimensional hypervolume) increased with number of observations for
both available habitat (randomly selected points, shown with squares; F=60.41 15,
p<0.0001, adjusted R?*=0.79) and saltmarsh sparrow nest points (shown with triangles;
F115=84.8, p<0.0001, adjusted R?*=0.84). Nesting niche breadth increased with number
of observations at a lesser rate for nests, however, indicating that female saltmarsh
sparrows are exhibiting a habitat selection throughout all study plots.

76



=
(0]
j

|
1.6 -
1.4 -
(]
€12 -
E
g 17
[
208 -
o [ |
506 -
o
0.4 -
0.2 -
i £ '3 Apah
O T T T T 1
39 40 K a1 42 43 44

Latitude (decimal degrees)

Ay

Figure 4.3. Hypervolume breadth by latitude. Niche breadth of available habitat
(randomly selected points, shown with squares) increased with latitude (proportional
volume; F=6.4, 15, p=0.02, adjusted R?=0.25), while nesting niche breadth of saltmarsh
sparrows (shown with triangles) was not related to latitude or distance from the range
center (proportional volume; F; 15=0.005, p=0.94, adjusted R?<0.0001). Instead, nesting
niche breadth was remarkably consistent throughout the range. The star indicates the
latitudinal center of the global saltmarsh sparrow breeding range.
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4.4.4. Does habitat selection vary across the range of a species?

The multivariate logistic regression demonstrated both that saltmarsh sparrows
exhibit small scale habitat selection across their geographic range, and that their selection
does not vary for some vegetation characteristics but does for others by study plot (Table
4.3). For example, nests were associated with a thicker thatch layer than randomly
selected points at all study plots (p-values ranging from <0.0001 to 0.008 for the 8 of 17
study plots where the effect was significant). For other characteristics, such as the
average vegetation height, nests were associated with both significantly higher and
significantly lower vegetation than randomly selected points, depending on study plot.
Sgrensen overlap indices between nesting niches and available environmental space at
each study plot ranged between 0.01 and 0.10, with a mean overlap index (xsd) between
selected and available habitat of 0.06 £0.02 (n=17). The similarity between available and
selected environmental space at each study plot was not related to latitude (F=0.2; 15,
p=0.65, adjusted R?<0.0001; Fig. 4.4). The proportional volume of available
environmental space was greater than the proportional volume of nesting niche at every
study plot (n=17; Table 4.2). Finally, the similarity between nesting niches increased
with similarity between available environmental spaces for study plot pairs (F=23.41 134,

p<0.0001, adjusted R?*=0.14; Fig. 4.1C).
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Figure 4.4. Habitat marginality by latitude. The similarity between available habitat and
nesting niche for saltmarsh sparrows at each study plot was not predicted by latitude or
distance from range center (F=0.2; 15, p=0.65, adjusted R?<0.0001). The star indicates
the latitudinal center of the global saltmarsh sparrow breeding range.
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4.4.5. What are the fitness consequences of differences in niche across the range of a
species?

The similarity between available and selected habitat was not related to seasonal
fecundity (F=0.21 15, p=0.67, adjusted R?<0.0001; Fig. 4.5). Moreover, the similarity of
nesting niches did not predict observed differences in seasonal fecundity in the pairwise

study plot comparisons (F=0.5 134, p=0.48, adjusted R?<0.0001; Fig. 4.6).

4.5. Discussion

We observed that in contrast to the predictions consistent with niche
conservatism, saltmarsh sparrow nesting niche varies intraspecifically across its
geographic range. Some axes of the nesting niche varied by study plot, while others
appeared to be conserved. The similarity between both nesting niches and available
environmental space for pairwise comparisons of study plots was not related to latitudinal
distance or range position. Thus, saltmarsh sparrow habitat and habitat selection is
variable on a local scale and its variation is not consistent with niche conservatism. The
similarity of available environmental space predicted the similarity of nesting niches
between study plots, however, suggesting that some, but not all, of the intraspecific
variation in nesting niche is explained by local habitat availability. No aspects of the
intraspecific niche variation we observed were related to seasonal fecundity. Thus, we
observed no signs of habitat marginality near the high-latitude margin of the saltmarsh
sparrow range. Instead, nest-site selection seems to vary locally and is not likely the

driver of the high-latitude margin of the saltmarsh sparrow range.
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Figure 4.5. Seasonal fecundity was not related to habitat marginality. Our results suggest
no patterns of habitat marginality near the periphery of the saltmarsh sparrow range.
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Figure 4.6. Similarity between nesting niches not related to the difference in fecundity.
Our results suggest that intraspecific variation in saltmarsh sparrow nesting niches do not
result in negative fitness consequences.
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Saltmarsh sparrows exhibit clear habitat selection throughout their geographic
range, and nesting niche was relatively constant in position for some habitat axes. At all
study plots, the breadth of available habitat was greater than that of habitat selected by
saltmarsh sparrows for nest sites on a small spatial scale (Table 4.2). Moreover, we
observed a strong signal of selection for most of the vegetation characteristics, which
were both structural and compositional, for at least several study plots (Table 4.3,
Appendix D). Our results are consistent with three previous studies of the small-scale
habitat selection of saltmarsh sparrows. All previous investigations have found that
saltmarsh sparrows generally build their nests in areas with thicker thatch layers and
greater cover of Spartina patens than randomly selected points (Gjerdrum et al 2005;
Shriver et al 2007, Ruskin in press). We also found that saltmarsh sparrow nests were
associated with thicker thatch layers (p<0.10 for 11 of 17 study plots). We found that
nests were associated with a higher percent cover of S. patens at most study plots (p<0.05
for 11 of 17 study plots), but at two study plots, nests were associated with significantly
less S. patens than randomly selected points (p=0.005 and p=0.0003 for Eldridge Road
and Lubberland Creek, respectively).

The position of the saltmarsh sparrow nesting niche differed for some axes across
the range, however. First, the magnitude of the coefficient of effect for habitat selection
varied among study plots. For example, across most study plots, saltmarsh sparrows
selected nest sites with significantly deeper thatch than the available habitat, but the depth
of the thatch they chose varied by study plot. Similarity between available environmental
space significantly predicted similarity of nesting niches between pairs of study plots,

which suggests that for some habitat axes, saltmarsh sparrow nesting niche is influenced
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by local habitat availability (Fig. 2). However, we observed habitat selection that varied
not only in the magnitude of selection by study plot, but also the direction of selection.
For example, saltmarsh sparrows selected nest sites with significantly higher than average
vegetation at some study plots and sites with significantly lower than average vegetation
at other study plots; these differences were not due to convergence upon a single
preferred vegetation height. These differences likely contribute to the high amount of
variability in the pairwise comparisons of available environmental space and nesting
niches between study plots, which was statistically significant but noisy (Fig. 4.1). Taken
together, our results suggest that the saltmarsh sparrow nesting niche consists of both
constant and variable elements, the latter of which are dependent on habitat availability
and other drivers on a local scale.

Though our results do not suggest that niche conservatism is upheld in this system
for nesting niche position, the breadth of nesting niche was remarkably consistent across
the species range (Fig. 4.3). Our study may have been limited by statistical power,
however, because our sampling unit was at the level of study plot and therefore led to a
relatively small sample size (n=17). Thus, we cannot differentiate between conservatism
of niche breadth and a lack of statistical power. We did, however, observe that the
breadth of available environmental space increased with latitude using an identical
sample size. Given this result, we argue that a relationship between nesting niche breadth
and latitude, if present, is sufficiently small that variation from other sources is likely
more biologically meaningful.

Habitat selection differed across the saltmarsh sparrow range but was not

consistent with niche conservatism. The similarity between available and selected habitat
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did not vary with latitudinal distance or range position (Fig. 4.4). The Sgrensen index
between nesting niches and the available environmental space varied by an order of
magnitude among study plots, but was low across the range. The similarity between
study plots for both selected and available habitat was not related to their latitudinal
distance; that is, the available habitat or nesting niche at any study plot can be, and often
is, more similar to those of distant marshes than of nearby marshes. These results point
to high levels of local habitat heterogeneity (Fig. 4.1). Some of this local heterogeneity is
natural, because there are multiple types of marshes (e.g., marshes behind barrier
beaches, marshes fringing rivers) and large differences in tidal amplitude on the Atlantic
coast of North America (Tiner 2013). Humans have also increased the heterogeneity of
tidal marshes in this region, notably via ditching, channelizing, and tidally restricting
marshes for human development (Silliman, Grosholz, and Bertness 2009).

Further, the similarity between nest and random-point hypervolumes was not
related to mean seasonal fecundity by study plot (Fig. 4.5), nor did the similarity of
nesting niches between study plots predict their differences in fecundity (Fig. 4.6).
Therefore, differences in nesting niche position and breadth did not appear to have fitness
consequences for saltmarsh sparrows. We observed no signal of range-wide trends in
habitat marginality, either characterized by changes in niche breadth or a relationship
between nesting niche and fecundity, as predicted under a paradigm of niche
conservatism.

These results suggest that rather than large-scale trends in habitat suitability,
intraspecific variation in the saltmarsh sparrow nesting niche is shaped by local processes

across the range. Saltmarsh sparrow populations may adapt locally or vary plastically,
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driven by spatially-variable risks to fecundity. Previous research has demonstrated that
populations at different points of the breeding range face different risks to fecundity.
Specifically, risk of nest depredation increases toward low latitudes, while nest flooding
poses greater risk near the high-latitude range margin (Ruskin et al. in review). These
large-scale patterns may influence saltmarsh sparrow habitat selection, as high predation
risk has been shown to correlate with certain nest traits across several avian species (e.g.
increased nest concealment, Martin 1992).

Alternatively, intraspecific variation in saltmarsh sparrow nesting niche may be
driven by local habitat availability. Our results support this hypothesis in part. Using
comparisons of the Sgrensen overlap index for nesting niches and available
environmental space, we found that available environmental space predicted nesting
niche characteristics across all study plots (Fig. 4.1). However, the predictive power was
low (adjusted R?=0.14) due to high amounts of scatter, likely because saltmarsh sparrows
exhibited signs of variable nest preferences (e.g. used nest sites with higher than average
vegetation at some study plots and lower than average vegetation at other study plots).
Future studies should relate fecundity to habitat selection at an individual level to test
whether local differences in habitat selection are adaptive or simply constrained by local
habitat availability.

Our results also suggest that the high-latitude margin of the saltmarsh sparrow
breeding range is not caused by lack of habitat for the small-scale niche axes we
examined. We observed mosaics for both available and selected habitat across the range,
with no changes in niche breadth to signal habitat marginality near the high-latitude range

margin. The niche space of available habitat increased with latitude toward the range

85



edge, while nesting niche breadth remained constant. Based on the means of available
habitat for the vegetation characteristics that appear to be relatively constant aspects of
the saltmarsh sparrow nesting niche (S. patens, thick thatch layer), we observed no signs
of saltmarsh sparrows being “squeezed out” of available habitat near the range margin.
Further, those characteristics exist north of the saltmarsh sparrow range (Lonard et al.
2010, M. Correll unpublished data). Rather than running out of suitable habitat at the
small spatial scale we examined, the saltmarsh sparrow range may be limited by axes of
the species niche outside of the small-scale nesting niche we examined. For example, the
distribution of the saltmarsh sparrow breeding range may be caused by larger-scale
factors such as habitat patch size. Marsh patches become markedly smaller and patchier
near the high-latitude range margin of saltmarsh sparrows (W. Wiest et al. in review).
Future studies should include other modules of the saltmarsh sparrow niche, such as
large-scale factors and biotic interactions. Further, future studies should include data
from the low-latitude range margin of saltmarsh sparrows, which we did not examine in

this study.
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CHAPTER 5: DIVERGENT OVIPOSITION PREFERENCES OF SISTER
SPECIES ARE NOT DRIVEN BY NEST SURVIVAL: THE EVIDENCE

FOR NEUTRALITY

5.1. Summary

Both adaptive and neutral trait evolution can contribute to divergence, but the
relative contributions of the two remain unclear. Oviposition preference, a trait that has
been demonstrated to contribute to divergence among populations, is often presumed to
be an adaptive trait. Few studies explicitly test this assumption, however, and several
researchers have demonstrated non-adaptive oviposition preferences in wildlife
populations. In this study, we test whether adaptive divergence can explain current
differences in the oviposition preferences of two sister species. In 2012 and 2013, we
conducted a demographic study of sympatrically breeding populations of two sparrow
species (Ammodramus caudacutus and A. nelsoni) and measured vegetation
characteristics at nest and non-nest points. We found evidence for oviposition preference
in both species and significant differences between the species’ preferences. The
vegetation characteristics that vary between species did not predict nest survival or
offspring production, however. Our results provide an example of oviposition preference
at a population level that appears non-adaptive as measured by productivity. We discuss
other mechanisms by which oviposition preference can be adaptive, and make a case for
the role of neutral evolution in shaping the oviposition preferences of these species. If

divergence in oviposition preference is at least periodically neutral, as we hypothesize,
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such differences could provide fodder for future adaptation or reproductive isolation

among populations.

5.2. Introduction

Both adaptive and neutral trait evolution can contribute to divergence among
populations, but the relative contributions of the two mechanisms remain unclear.
Though genetic drift is acknowledged to contribute to divergence between populations in
allopatry (Lenski and Travisano 1994; Gavrilets 2003; Papke et al. 2003; Coyne and Orr
2004; Petren et al. 2005; Comes et al. 2008), much work on sympatric speciation centers
on selective forces promoting divergence, such as in the model stickleback system
(Rundle et al. 2000; Coyne and Orr 2004). However, some authors argue that most
evolution is neutral or nearly so. They suggest that populations evolve along relatively
flat planes within a highly dimensional niche space and have demonstrated these results
with modeling experiments (Kimura 1983; Gavrilets 2003, 2004).

Oviposition preference, specifically where an organism chooses to lay and keep
its eggs, has been observed to contribute to divergence and is often presumed to be
adaptive. Oviposition preference has contributed to divergence among populations in a
wide range of taxa (Brykov et al. 1996; Etges 1998; Hawthorne and Via 2001; Friesen et
al. 2007). In fact, the most convincing cases of sympatric speciation in animals are
related to divergence in oviposition preferences (Sorenson et al. 2003; Coyne and Orr
2004; Machado 2005; Ragnsted et al. 2005; Althoff et al. 2006). Oviposition preference is
often presumed adaptive for good reason; it can dramatically affect individual fitness via

both fecundity (Resetarits 1996) and adult survival (Scheirs et al. 2000; Spencer 2002;
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Miller et al. 2007). Many ecological studies, however, presume oviposition preference is
adaptive without explicitly testing for a relationship between oviposition behaviors and
fitness (Arlt and Part 2007).

In a review of bird nest site preferences, Clark and Shutler (1999) found that only
54% of oviposition studies related preferences to nest success and only 10% of studies
examined found evidence for adaptive oviposition preference. Finally, several
researchers who have explicitly examined the relationship between oviposition
preference and fecundity across a wide range of taxa have reported oviposition
preferences that are not adaptive (Review: Robertson and Hutto, 2006; Birds:
Dwernychuk and Boag 1972; Filliater, Breitwisch, and Nealen 1994; Arlt and Part, 2007;
Chalfoun and Schmidt 2012; Insects: Rausher 1979; Thompson 1988; Kriska, Horvath,
and Andrikovics 1998; Ries and Fagan 2003; Reptiles: Kamel and Mrosovsky 2005).

There are many reasons why oviposition preference, or any trait that impacts
fitness, can be non-adaptive. In this study, we define non-adaptive as a trait that does not
increase an organism’s fitness. This definition includes both neutrality and
maladaptation. A characteristic is neutral if it confers no benefit or disadvantage to its
carrier, whereas a trait is maladaptive if it decreases an organism’s fitness. Gould and
Lewontin’s (1979) classic “non-exhaustive list” of causes for lack of adaptation includes
evolutionary constraints, methodological shortcomings, and neutral evolution. Itis
important to understand the non-adaptive forces behind the evolution and divergence of
oviposition preferences because differences in these traits appear to be important for

multiple modes of speciation (e.g. allopatric, sympatric, and ecological).
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In this study, we explicitly test for adaptive differences in the oviposition
preferences of two Emberizid sparrows, saltmarsh (Ammodramus caudacutus) and
Nelson’s (A. nelsoni) sparrows. These sister species are known collectively as sharp-
tailed sparrows. Together, they provide an exemplary study system for exploring the
adaptive versus non-adaptive evolution of oviposition preferences because their
distinctive life history sets the stage for non-adaptive divergence in a number of ways.

First, the characteristics of the tidal marsh where sharp-tailed sparrows breed may
weaken selective pressure. Bayard and Elphick (2010) observed that saltmarsh sparrow
nest placement was spatially random in Connecticut, and they suggested this random nest
placement developed as a result of a lack of opportunity for adaptation. Female sharp-
tailed sparrows nest a few centimeters above the ground in the high marsh zone, which is
characterized by flooding events each month (Tiner 2013). As a result, the majority of
sharp-tailed sparrow nest failure is isolated in time, but spatially widespread. The spatial
homogeneity of nest failure in tidal marshes thus leaves little meaningful variation in
oviposition preference upon which selection can act. Previous research supports this
hypothesis; saltmarsh sparrow oviposition preferences have not been predictive of nest
success in multiple studies of the species across New England (Gjerdrum et al. 2005;
Shriver et al. 2007).

Second, the evolutionary history and breeding biology of sharp-tailed sparrows
eliminate many mechanisms that would cause adaptive trait evolution. There is no
evidence for competitive exclusion between these species. Males and females of both
species are non-territorial, and the home ranges of both species overlap widely with both

conspecifics and heterospecifics (Greenlaw and Rising 1994; Shriver et al. 2011).
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Because males of both species do not contribute parental care, oviposition preferences
and female fecundity are not constrained by territory availability, dominance hierarchies,
or male behavior. Given their overlapping home ranges, similar mating systems, and the
spatial homogeneity of nest failure, saltmarsh and Nelson’s sparrows breeding in
sympatry are subject to similar, if not equivalent, local selection for oviposition
preference.

Finally, evolutionary and developmental constraints are unlikely to be the cause
of divergence between the taxa. As sister species that became reproductively isolated as
recently as 600,000 years ago (Rising and Avise 1993), saltmarsh and Nelson’s sparrows
share most of their evolutionary history and the accompanying phylogenetic constraints.
The two species also interbreed readily where their ranges overlap (Greenlaw and Rising
1994; Walsh et al. 2011), illustrating that they share most developmental constraints.
Through the process of elimination, we are left with genetic drift as one of the most likely
drivers for the development, or at least maintenance, of divergence in oviposition
preferences.

In this study, we use sympatrically breeding populations of sharp-tailed sparrows
as a case study to investigate selection versus drift as major drivers of divergence in
oviposition preferences. We first confirm whether, consistent with previous studies,
sharp-tailed sparrows exhibit oviposition preferences. We then test whether oviposition
preference differs between saltmarsh and Nelson’s sparrows with broadly overlapping
home ranges. Finally, we test whether any observed differences in oviposition preference
between the species are positively related to fecundity, and therefore are potentially

adaptive.
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5.3. Methods
5.3.1. Study site and field methods

We compared oviposition preferences of saltmarsh and Nelson’s sparrows in
Scarborough Marsh, Cumberland County, Maine, USA, located in the sympatric sharp-
tailed sparrow range (Hodgman et al. 2002). We surveyed two, 10-ha study sites that are
separated by 2.5 km, including a wide river and active train tracks. In two years of study,
we have captured over 450 unique individuals, only one of which was captured at both of
these study sites. Thus, we consider the populations to be largely independent.

We searched for nests once or twice per week from May through August, 2012-
2013. Following discovery, we revisited nests every one to three days until the nesting
attempt was completed via fledging or failure. We captured attending females at the nest
site with mist nets to determine species. Each female was uniquely marked a numbered
aluminum leg band from the United States Geological Survey to track multiple nesting
attempts throughout the breeding season and across multiple years.

In Scarborough Marsh, saltmarsh and Nelson’s sparrows interbreed readily.
Based on morphology, they exhibit a gradient of introgression. Genetic analysis of
sharp-tailed sparrows captured in northern New England indicate high levels of
introgression, suggesting that the species have interbred extensively (Rising and Avise
1993; Shriver et al. 2005; Walsh et al. 2011). Samples collected in southern Maine in the
late nineteenth century show characteristics of hybridization, suggestive that the species
have interbred at our study site for at least 150 years (KJR unpub. data).

Because of the extensive introgression between these species, we treated species

as a continuous variable as measured by plumage (sensu Shriver et al. 2005) rather than
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using a binary species assignment. For each of 13 plumage characteristics (e.g. color and
definition of breast streaking, width of crown stripes) we assigned each adult sparrow a
score ranging from one to five. Low scores represent traits typical of Nelson’s sparrows,
while high scores represent traits typical of saltmarsh sparrows. The scores in the 13
categories are then summed to produce an integrated species index ranging from 13 to 65.
Previous studies have found general concordance between plumage and genetic hybrid
status (Shriver et al. 2005; Walsh et al. 2015). To minimize observer subjectivity, we
averaged the summed plumage score of each female across all captures within a single
breeding season.

At each nest site, we measured sixteen characteristics. These included four
characteristics of the built nest structure and twelve vegetation characteristics within a
square 1-m? plot centered on each nest. Nest structure measurements included total nest
height (lip of nest bowl to ground), nest depth, distance from bottom of the nest to the
ground, and amount of nest canopy as measured by estimating the percentage of the nest
bowl that was visible through the canopy while viewing the nest from directly above. For
vegetation characteristics, we measured thatch depth and maximum vegetation height,
and we visually estimated average vegetation height at the center (at the nest) and
midpoints of the 1-m? plot sides. We also visually estimated percent cover of all species
present within the 1-m? plot (Table 5.1), with all cover classes summing to 100%. We
chose characteristics based on previous research on sharp-tailed sparrows (Gjerdrum et

al. 2005; Shriver et al. 2007) and the predominant vegetation at our site.
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Table 5.1. Vegetation characteristics and nest and non-nest points. Shown are vegetation
characteristics (mean £ SD) at nest and non-nest points in current and previous studies of
sharp-tailed sparrows in New England saltmarshes, USA.

Non-nest Gjerdrum Shriver
Vegetation Characteristic Nest site point P (2005)* (2007)°
Thatch depth at 1 m? quadrat
midpoints (cm) 9.2+3.7 6.4+4.4 <0.001 - sig.
Thatch depth at center (cm) 16.3+5.7 6.9+6.0 <0.001 sig. -
Maximum vegetation height at 1
m? quadrat midpoints (cm) 54.3+10.7 45.8+13.8 <0.001 sig. -
Maximum vegetation height at 46.3 +
center (cm) 61.7+12.4 154 <0.001 - -
Average vegetation height at 1
m? quadrat midpoints (cm) 375+89 33.7%116 <0.01 - -
Average vegetation height at
center (cm) 41.4+99 336%+126 <0.001 - -
Water (% cover ) 2.2+5.7 3.7+125 0.29 - -
Spartina patens (% cover) 56.2+26.2 33.9+37.9 <0.001 sig. sig.
Spartina alterniflora (% cover) 274+244 221+304 0.15 non-sig. non-sig.
Distichlis spicata (% cover) 9.9+203 9.8+199 0.97 sig. non-sig.
Juncus gerardii (% cover) 1.8+9.3 106+247 0.01 sig. non-sig.
Other species (% cover) 18+£52 174+281 <0.001 - -

The means shown are averages among the midpoints of four sides on a 1-m* quadrat. For
the present study, we show mean + standard deviation of vegetation characteristics for
nest site and non-nest points. Reported P-values are derived from post hoc one-way
comparisons of variance between nest and non-nest points. We also include indications
of vegetation characteristics found to be significantly related to nest sites in these species
in previous studies. Dashes indicate that a characteristic was not measured in the
previous study.
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We recorded the four nest structure characteristics upon discovery of the nest and
the remaining vegetation characteristics upon nest completion (fledging or failure) to
minimize disturbance to the nesting female. We measured the same suite of vegetation
structure and cover characteristics within a 1-m? plot centered at non-nest points that we
randomly selected within the study sites using the “Create Random Points” tool in the
“Data Management” toolbox of ArcGIS version 10.0 (Environmental Systems Research
Institute, Redlands, USA). We surveyed non-nest points throughout the breeding season,
within a week of the completion of a paired nest site to control for plant phenology over
the study period. We excluded randomly selected points that were located in standing

water during field surveys.

5.3.2. Statistical analyses

Statistical analyses were performed using R 3.0.2 (R Core Team 2014). We first
used a multiple analysis of variance to test whether sharp-tailed sparrows as a whole
exhibit an oviposition preference as measured by twelve vegetation characteristics (Table
1). We used one-way analyses of variance to identify whether mean vegetation
characteristics differed significantly between nest and non-nest points. To ensure that
both species exhibit a preference, we performed a multiple analysis of variance on
saltmarsh and Nelson’s sparrows separately as well. We separated the dataset into two
subsets based on plumage score limits. We defined saltmarsh sparrows as females with
summed plumage scores of 45 or greater, which is the 95™ percentile of birds captured in
Connecticut. This is the closest breeding population outside of the hybrid zone where we

collected plumage score data (Hodgman et al. 2002; Walsh et al. 2011). We defined
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Nelson’s sparrows as females with a summed plumage score of 31 or less based on the
limit established by Shriver et al. (2005). Hybrids were thus excluded from both subsets
of data. We tested for oviposition preferences in both species with the full analysis of
variance model on each of these subsets.

We then created a general linear model to test whether the species identity of
nesting females (as measured continuously by summed plumage score, using all females)
covaried with the same twelve vegetation characteristics and four additional nest
characteristics. We also included covariates to control for year and study site. We used
stepwise AIC model selection (R package MASS, Ripley et al. 2014) to choose the most
parsimonious suite of nest and vegetation characteristics that predicted the species of
nesting females as measured by summed plumage score.

Finally, we modeled the relationship between the vegetation characteristics that
best predicted species of a nesting female and two estimates of fecundity, daily nest
survival probability and brood size (number of nestlings produced by a successful nest).
First, we used the program MCestimate to generate daily nest survival probabilities.
MCestimate estimates daily nest survival probabilities similarly to the logistic exposure
method (Mayfield 1975; Dinsmore et al. 2002; Rotella et al. 2004; Shaffer 2004), but
within a Markov-Chain framework (Environmental Protection Agency Mid-continent
Ecology Division, Duluth, USA,; see Etterson et al. 2007, 2014; Jackson et al. 2011). For
all nests, we estimated daily nest survival probability as a function of year and the
vegetation characteristics from the top model for distinguishing among species as
measured by summed plumage score from the previous step. We created a null model in

which daily nest survival rate was held constant among all nests. We compared the top
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model to the null model using Akaike’s Information Criterion (Akaike 1974; Burnham
and Anderson 2002) to test whether differences in oviposition preferences can lead to
differences in nest survival between saltmarsh and Nelson’s sparrows. To estimate local
variation in nest survival, we also used MCestimate to estimate daily nest survival rate as
a function of study site. Second, we used a Poisson regression to estimate brood size, an
alternate estimate of fecundity, as a function of year and the nine vegetation
characteristics from the top model for distinguishing among species as measured by
summed plumage score (R base package, R Core Team 2014).

Finally, we created two Poisson regression models to test for differences in
additional fecundity parameters along the species gradient as measured by summed
plumage score. In separate models, we estimated number of nesting attempts and clutch
size as functions of the summed plumage score of associated females (R base package, R
Core Team 2014). Goodness of fit tests indicated that for brood size, clutch size, and

number of nesting attempts, the data fit the assumptions of Poisson regressions.

5.4. Results

We compared vegetation characteristics at 190 randomly-selected points to 92
sharp-tailed sparrow nest sites. Of these, 27 nest sites were chosen by Nelson’s sparrow
females, 47 by saltmarsh sparrows, and 18 by females within the hybrid range according
to the plumage limits described. With a total of 1159 exposure days, we observed daily
nest survival probabilities of 0.9402 + 0.01 (mean = SE; n=33 nests) and 0.9486 + 0.01

(mean = SE; n=59 nests) by study site.
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Vegetation structure and cover characteristics reliably distinguished between nest
and non-nest points (Table 1; n=282, approximate F= 18.71, 269, P<0.001). This pattern
persisted in the subsets of data that included only saltmarsh (n=47 nests and 47
randomly-selected points; F= 8.6, 81, P<0.001) and Nelson’s sparrows (n=27 nests and
27 randomly-selected points; F= 4.612 41, P<0.001), demonstrating that both species
exhibit an oviposition site preference. We found that nine of the vegetation
characteristics examined had population means that significantly differ between nest and
non-nest points (Table 5.1).

Our results also indicated that nest and vegetation characteristics varied across the
sharp-tailed sparrow species gradient (n=92, R*= 0.28, F=3.117 74, P<0.001; Table 5.2).
The best model included nine of the sixteen measured nest and vegetation characteristics
and the year covariate (n=92, R*= 0.33, F= 5.5;0¢1, P<0.001). The best model did not
include study site, indicating that nest site preferences did not vary based on local habitat
availability.

Using year and the nine characteristics included in the best model for predicting
species as measured by summed plumage score, oviposition site did not predict daily nest
survival probability. The nest characteristics that best predicted species performed worse
than the null model for predicting daily nest survival probability (AAIC.=+3.14, model
weight=0.17; Table 5.3). Using year and the nine characteristics included in the best
model for predicting species, oviposition site also did not predict brood size (X*(10,

n=30), P=0.82).
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Table 5.2. Parameter estimates for predictors of female species. Predictors of female
species as measured by summed plumage score in Scarborough, ME, USA (positive beta
values correspond to vegetation characteristics with higher values for females toward the
saltmarsh sparrow end of the plumage gradient) for vegetation characteristics chosen in
the top model.

Predictor variable b SE t P
Year -3.20 182 -1.75 0.08
Distance from bottom of the nest to the ground (cm) 090 0.23 384 <0.001
Nest depth (cm) -1.35 055 -2.44 0.02
Thatch depth at center (cm) 044 017 261 0.01
Thatch depth at 1 m? quadrat midpoints (cm) -0.35 0.26 -1.36 0.18
Maximum vegetation height at 1 m? quadrat midpoints (cm) -0.18 0.10 -1.69 0.09
Average vegetation height at center (cm) -0.36 012 -295 <0.01
Spartina patens (% cover) -0.18 0.04 -479 <0.001
Distichlis spicata (% cover) -0.18 0.04 -4.02 <0.001
Juncus gerardii (% cover) -0.13 0.09 -1.50 0.14

Table 5.3. Parameter estimates for predictors of daily nest survival probability.
Predictors of daily nest survival probability in Scarborough, ME, USA for vegetation
characteristics chosen in the top model.

Predictor variable b SE
Year 0.67 0.33
Distance from bottom of the nest to the ground (cm) -0.07  0.04
Nest depth (cm) -0.12 0.11
Thatch depth at center (cm) -0.03  0.03
Thatch depth at 1 m? quadrat midpoints (cm) 0.05 0.05
Maximum vegetation height at 1 m? quadrat midpoints (cm) -0.01  0.02
Average vegetation height at center (cm) 0.03 0.02
Spartina patens (% cover) 0.01 0.01
Distichlis spicata (% cover) -0.004 0.01
Juncus gerardii (% cover) 0.002 0.01
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Individual females nested an average of 1.26 £ 0.06 times per year (mean + SE;
n=73). Mean clutch size across all nests was 3.65 + 0.09 eggs or nestlings per nest (mean
+ SE; n=92). Among successful nests, mean brood size was 2.53 + 0.19 nestlings per
nest (mean + SE; n=30). We found no evidence that number of nesting attempts (X(71,
n=73), P=0.50) or clutch size (X?(92, n=90), P=0.61) varied by species as measured by

summed plumage score.

5.5. Discussion

Differences in oviposition preference have been often cited as mechanisms of
reproductive isolation and a driver of ecological speciation between sister taxa (Coyne
and Orr 2004; Nosil 2012). However, we demonstrate evidence of sympatric sister taxa
with oviposition preferences that are divergent but appear not to be under current
selection pressure for maximizing nest survival. Alternative mechanisms for maximizing
fitness via oviposition site exist. We present multiple lines of evidence that suggest that
variation in oviposition site between Nelson’s and saltmarsh sparrows is maintained
despite a lack of selective pressure, however.

Similar to the two previous studies that examined small-scale nest-site preference
in sharp-tailed sparrows, we found that both saltmarsh and Nelson’s sparrows breeding in
Scarborough Marsh exhibit oviposition preferences (Table 5.1). Previous studies and our
own found that both structural and vegetation cover characteristics were important in
distinguishing between nest and non-nest points (Gjerdrum et al. 2005; Shriver et al.
2007). Moreover, the characteristics in our best model were similar to those reported by

previous studies. For example, our results agree with those of both Gjerdrum et al.
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(2005) and Shriver et al. (2007), who also found that nest sites were positively associated
with percent cover of Spartina patens and exhibited a deeper thatch layer compared to
randomly selected non-nest points. The Gjerdrum et al. (2005) study was conducted in
southern New England, and the Shriver et al. (2007) study was conducted in the same
marshes as our investigation. Together, this suggests that the oviposition preferences of
sharp-tailed sparrows are similar across both space (~300 km) and time (~a decade).
Additionally, we found that compared to randomly selected points, the 1-m? plot
surrounding nest sites included less water, a trait that was not examined by the two
previous studies.

Saltmarsh and Nelson’s sparrow females exhibit consistently different oviposition
preferences as measured by vegetation characteristics. For example, females with
plumage more typical of saltmarsh sparrows built nests that were higher above the
ground, had shallower nest bowls, and placed them in areas with less Spartina patens
compared to females that exhibited plumage more typical Nelson’s sparrows. Because
these species interbreed in sympatry, the observed differences in oviposition preferences
between them in this population are conservative underestimates for the species in
general, because some degree of convergence is expected from genetic introgression.

The nest characteristics that differed by species did not predict either of two
estimates of fecundity, however. Though the oviposition preferences of saltmarsh and
Nelson’s sparrows vary consistently across study sites, they do not appear to confer any
adaptive advantage in terms of fecundity as measured by nest survival or brood size

during the years of our study. In fact, the nest traits that together explain 33% of the

101



observed variance in female species perform worse at predicting nest survival than an
intercept-only null model.

We should note, however, that our sample size may have been too small to detect
differences in fecundity, particularly because small differences in daily nest survival
probability compound into larger differences in overall nest survival probability.
Additionally, if even small differences in nest success have been consistent during the
entire period of secondary contact (documented empirically for 150 years at our study
site), this can lead to marked differences in selection and population growth rate between
the species. Thus, our findings of no selection should be interpreted cautiously.

However, our findings are consistent with previous research, which has found no
placement differences between successful and unsuccessful nests (Gjerdrum et al. 2005;
Shriver et al. 2007). Furthermore, we found no evidence that saltmarsh and Nelson’s
sparrows exhibit differences in two life history traits that could result in patterns of
fecundity that differ from those observed in nest survival probabilities (renesting rate and
clutch size). Thus, nest survival is likely a reasonable index of the fitness consequences
of oviposition divergence in this system and a better index than has been reported in other
songbirds (Streby and Andersen 2013; Streby et al. 2014).

Here we show direct evidence that two estimates of fecundity are not related to
divergent oviposition preferences of saltmarsh and Nelson’s sparrows. However,
oviposition preference can maximize fitness in a number of other ways. Refsnider and
Janzen (2010) review nest survival (more generally, embryo survival) in addition to five
alternative hypotheses for how oviposition site can maximize fecundity. Sharp-tailed

sparrows provide an ideal system that offers good reason to eliminate the alternative
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hypotheses, however, suggesting that the divergent oviposition preferences between
saltmarsh and Nelson’s sparrows are currently non-adaptive.

We can rule out four of Refsnider and Janzen’s (2010) hypotheses because of the
unique mating systems and life histories of saltmarsh and Nelson’s sparrows. First,
Refsnider and Janzen describe a hypothesis that oviposition site can indirectly maximize
fitness through mate choice, but both saltmarsh and Nelson’s sparrows are promiscuous,
non-territorial, and males do not contribute to parental care (Greenlaw and Rising 1994;
Shriver et al. 2010). Second, the authors propose that oviposition site can impact fitness
through offspring phenotype, usually via microclimatic conditions. This hypothesis is
commonly invoked for species that do not exhibit parental care, such as fish, amphibians,
and reptiles. In most bird species, including sharp-tailed sparrows, adults mediate the
environmental conditions at the oviposition site through incubation and nest attendance.
Nonetheless, this idea has been applied to several avian systems, providing mixed results
as to whether differences in nest microclimates are typically ameliorated by parental
behavior (Rauter et al. 2002; Amat and Masero 2004; Dawson et al. 2005; Robertson
2009; Tieleman et al. 2014). Sharp-tailed sparrow females nest under natural or woven
grass canopies, which create shade and moderate the nest microclimate. Thus, we think
microclimate is unlikely to affect offspring phenotype in this system, but future studies
should measure microclimatic conditions at the nest site to address this possibility.
Third, oviposition site can also maximize fitness via juvenile survival, for example by
proximity to suitable habitat for juveniles after leaving the nest. Sharp-tailed sparrow
juveniles roam the marsh after leaving the nest, however, in home ranges that overlap

with non-parental adults and parental adults, conspecifics and heterospecifics (Shriver et
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al. 2010; KJR unpub. data). Therefore, juvenile habitat use and any consequent
differences in juvenile survival are not likely to result from any differences in oviposition
preference between the species. Instead, juveniles of both of these non-territorial species
are exposed to similar post-fledging risks to survival that are independent of oviposition
site. Fourth, oviposition preference is hypothesized to maximize fitness by maintaining
natal philopatry in some systems. Both saltmarsh and Nelson’s sparrows exhibit natal
philopatry, but on the larger spatial scale of marsh habitat patches, which is on the order
of hectares rather than within 1-m? plots that were examined in this study (Greenlaw and
Rising 1994; DiQuinzio et al. 2001; KJR unpub. data).

The fifth and final alternative hypothesis described by Refsnider and Janzen
(2010) is that oviposition site can maximize fitness via female survival. We cannot
conduct a survival analysis with only two years of data, and we observed too few females
that nested in both years of this study to make any inferences about female survival based
on species (2 within the saltmarsh sparrow plumage limit, 1 Nelson’s sparrow, and 2
apparent hybrids). However, we also conducted systematic mist-netting at these study
sites for another project, and we detected similar proportions of saltmarsh and Nelson’s
sparrow females captured in 2012 that returned in 2013 (8.7% of Nelson’s sparrow
females, 5.5% of saltmarsh sparrow females; KJR unpub. data). Additionally, adult
survival estimates calculated from systematic mist-netting at these and additional sites
demonstrated that saltmarsh and Nelson’s sparrow females exhibit equivalent adult
survival rates across northern New England (CR Field unpub. data). Moreover, Sillett
and Holmes (2002) observed that monthly rates of mortality were fifteen times greater

during migration months than in the breeding season for another songbird species. While
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oviposition site may influence female survival in sharp-tailed sparrows, in these and
many songbirds, adult mortality related to oviposition site is likely small relative to
migration-related mortality. Nonetheless, future studies should include explicit tests for
female survival and more robust estimates of fecundity that include juvenile survival.
Despite the limitations of our study, our findings are consistent with the
hypothesis that neutral processes have shaped or currently maintain species-level
differences in oviposition preference. The two sharp-tailed sparrow species in
Scarborough Marsh share evolutionary history, sympatric habitat, a unique mating
system, and developmental constraints, and thus we can reject many mechanisms for
adaptive divergence. We are left with drift as a likely driver of the maintenance of the
observed divergence between saltmarsh and Nelson’s sparrow oviposition preferences.
The possibility that either species currently exhibits an oviposition preference that arose
through adaptive selection elsewhere in space or time is impossible to eliminate. At the
very least, we can conclude that the current divergence in saltmarsh and Nelson’s
sparrow oviposition preferences is maintained without strong selection in sympatry.
Should these traits become important for reproductive isolation between the species in the
future, that outcome will have been shaped at least partly by periods of neutral evolution.
These results challenge the often-assumed paradigm that traits, particularly those
related to survival, fecundity, and reproductive isolation, are optimized. In light of these
and other similar findings, researchers should explicitly measure the fecundity
consequences of variation in oviposition preferences. In particular, wildlife managers
should consider that observed preferences and behaviors in wildlife are not necessarily

adaptive when planning for conservation action such as habitat restoration. Otherwise,

105



they may take conservation action that while based on observed habitat use, will not
result in increased population growth.

Our results suggest that, as with all traits, oviposition preference can vary
neutrally and is perhaps a work in progress. Oviposition preference is not perfectly
optimized to the environment, nor is it without superfluity. This standing variation in
oviposition preference, which exists not just at the individual but at the population level,
provides fodder for divergence and ultimately could increase the probability of ecological
speciation. More research should address how common neutral variation in oviposition

preferences is in nature, and its relative importance in the speciation process.

106



BIBLIOGRAPHY

Agashe, Deepa, and Daniel | Bolnick. 2010. “Intraspecific Genetic Variation and
Competition Interact to Influence Niche Expansion.” Proceedings. Biological
Sciences / The Royal Society 277 (1696): 2915-24. doi:10.1098/rspb.2010.0232.

Akaike, Hirotugu. 1974. “A New Look at the Statistical Model Identification.” IEEE
Transactions on Automatic Control AC-19 (6): 716-23.

Alisauskas, R. T., and C. D. Ankney. 1992. “The Cost of Egg Laying and Its Relationship
to Nutrient Reserves in Waterfowl.” In Ecology and Management of Breeding
Waterfowl, edited by B. D. J. Batt, A. D. Afton, M. G. Anderson, C. D. Ankney, D.
H. Johnson, J. A. Kadlec, and G. L. Krapu, 30-61. Minneapolis, MN: University of
Minnesota Press.

Althoff, David M, Kari A. Segraves, James Leebens-Mack, and Olle Pellmyr. 2006.
“Patterns of Speciation in the Yucca Moths: Parallel Species Radiations within the
Tegeticula Yuccasella Species Complex.” Systematic Biology 55 (3): 398-410.
d0i:10.1080/10635150600697325.

Amat, Juan A., and Jose A. Masero. 2004. “Predation Risk on Incubating Adults
Constrains the Choice of Thermally Favourable Nest Sites in a Plover.” Animal
Behaviour 67 (2): 293-300.

Anders, AD, and MR Marshall. 2005. “Increasing the Accuracy of Productivity and
Survival Estimates in Assessing Landbird Population Status.” Conservation Biology
19 (1): 66-74.

“ArcGIS.” 2010. Redlands, CA: Environmental Systems Research Institute.

Arlt, Debora, and Tomas Part. 2007. “Nonideal Breeding Habitat Selection: A Mismatch
between Preference and Fitness.” Ecology 88 (3): 792—-801. doi:10.1890/06-0574.

Austin, MP, and TM Smith. 1990. “A New Model for the Continuum Concept.” Progress
in Theoretical Vegetation Science 83 (1-2): 35-47.

Bayard, Trina S., and Christopher S. Elphick. 2010. “Using Spatial Point-Pattern
Assessment to Understand the Social and Environmental Mechanisms That Drive
Avian Habitat Selection.” The Auk 127 (3): 485-94. doi:10.1525/auk.2010.09089.

Bearhop, Stuart, Colin E Adams, Susan Waldron, Richard a Fuller, E Adamsj Susan,

Richard a Fullert, and Hazel Macleodj. 2013. “Determining Trophic Niche Width: A
Novel Approach Using Stable Isotope Analysis” 73 (5): 1007-12.

107



Bennett, Richard S, and Matthew A Etterson. 2007. “Incorporating Results of Avian
Toxicity Tests into a Model of Annual Reproductive Success.” Integrated
Environmental Assessment and Management 3 (4): 498-507.

Blackburn, Tim M., Kevin J. Gaston, Rachel M. Quinn, and Richard D. Gregory. 1999.
“Do Local Abundances of British Birds Change with Proximity to Range Edge?”
Journal of Biogeography 26 (3): 493-505. doi:10.1046/j.1365-2699.1999.00298.x.

Blonder, Benjamin, Christine Lamanna, Cyrille Violle, and Brian J. Enquist. 2014a. “The
N-Dimensional Hypervolume.” Global Ecology and Biogeography 23 (5): 595-609.
d0i:10.1111/geb.12146.

. 2014b. “Package “‘Hypervolume.
595-609. doi:10.1111/geb.12146.

Global Ecology and Biogeography 23 (5):

Bolnick, D I. 2001. “Intraspecific Competition Favours Niche Width Expansion in
Drosophila Melanogaster.” Nature 410 (6827): 463-66. doi:10.1038/35068555.

Bolnick, Daniel I. 2004. “Can Intraspecific Competition Drive Disruptive Selection? An
Experimental Test in Natural Populations of Sticklebacks.” Evolution; International
Journal of Organic Evolution 58 (3): 608-18. doi:10.1111/j.0014-
3820.2004.th01683.x.

Boon, John D. 2012. “Evidence of Sea Level Acceleration at U.S. and Canadian Tide
Stations, Atlantic Coast, North America.” Journal of Coastal Research 28 (6):
1437-45. doi:10.2112/JCOASTRES-D-12-00102.1.

Bradford, Michael J., Garth C. Taylor, and J. Andrew Allan. 1997. “Empirical Review of
Coho Salmon Smolt Abundance and the Prediction of Smolt Production at the
Regional Level.” Transactions of the American Fisheries Society 126 (6): 49-64.
doi:10.1577/1548-8659(1997)126.

Brewer, Andrew M., and Kevin J. Gaston. 2003. “The Geographical Range Structure of
the Holly Leaf-Miner. 1l. Demographic Rates.” Journal of Animal Ecology 72 (1):
82-93. doi:10.1046/j.1365-2656.2003.00682.x.

Brown, James H. 1984. “On the Relationship between Abundance and Distribution of
Species.” American Society of Naturalists 124 (2): 255-79. doi:10.1086/284267.

. 1995. Macroecology. Chicago: University of Chicago Press.

Brown, James H., David W. Mehlman, and George C. Stevens. 1997. “Spatial Variation
in Abundance.” Ecology 76 (5): 2028-43.

108



Brown, James H., George C. Stevens, and Dawn M. Kaufman. 1996. “The Geographic
Range: Size, Shape, Boundaries, and Internal Structure.” Annual Review of Ecology
and Systematics 27: 597-623.

Brussard, P F. 1984. “Geographic Patterns and Environmental Gradients: The Central-
Marginal Model in Drosophila Revisited.” Annual Review of Ecology and
Systematics 15 (1): 25-64. doi:10.1146/annurev.es.15.110184.000325.

Brykov, A., N. Polyakova, L. A. Skurikhina, and A. D. Kukhlevsky. 1996. “Geographical
and Temporal Mitochondrial DNA Variability in Populations of Pink Salmon.”
Journal of Fish Biology 48: 899-909. doi:10.1111/j.1095-8649.1996.tb01485.x.

Burnham, K.P., and D.R. Anderson. 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Ecological Modelling. New York:
Springer.

Butcher, Gregory S., Daniel K. Niven, Arvind O. Panjabi, David N. Pashley, and
Kenneth V. Rosenberg. 2007. “The 2007 Watchlist for United States Birds.”
American Birds 61: 18-25.

Butin, Elizabeth, Adam H. Porter, and Joseph Elkinton. 2005. “Adaptation during
Biological Invasions and the Case of Adelges Tsugae.” Evolutionary Ecology 7:
887-900.

Chalfoun, Anna D., and Kenneth A Schmidt. 2012. “Adaptive Breeding-Habitat
Selection: Is It for the Birds?” The Auk 129 (4): 589-99.
doi:10.1525/auk.2012.129.4.589.

Ciechanowski, Mateusz. 2015. “Habitat Preferences of Bats in Anthropogenically
Altered, Mosaic Landscapes of Northern Poland.” European Journal of Wildlife
Research, 415-28. do0i:10.1007/s10344-015-0911-y.

Clark, Robert G, and Dave Shutler. 1999. “Avian Habitat Selection: Pattern from Process
in Nest-Site Use by Ducks?” Ecology 80 (1): 272-87. doi:10.1890/0012-
9658(1999)080[0272:AHSPFP]2.0.CO;2.

Comes, Hans Peter, Andreas Tribsch, and Christiane Bittkau. 2008. “Plant Speciation in
Continental Island Floras as Exemplified by Nigella in the Aegean Archipelago.”
Philosophical Transactions of the Royal Society of London. Series B, Biological
Sciences 363 (1506): 3083-96. doi:10.1098/rstb.2008.0063.

Connell, Joseph H. 1961. “Effects of Competition, Predation by Thais Lapillus, and

Other Factors on Natural Populations of the Barnacle Balanus Balanoides.”
Ecological Monographs 31 (1): 61-104.

109



Cook, Robert Edward. 1969. “Variation in Species Density of North American Birds.”
Systematic Biology 18 (1): 63-84.

Coyne, Jerry A., and H. Allen Orr. 2004. Speciation. Sunderland, MA: Sinauer
Associates.

Crochet, P a. 2000. “Genetic Structure of Avian Populations--Allozymes Revisited.”
Molecular Ecology 9 (10): 1463-69.

Currie, David J. 1991. “Energy and Large-Scale Patterns of Animal-and Plant-Species
Richness.” American Naturalist 137 (1): 27-49.

Dawson, Russell D., Cheyenne C. Lawrie, and Erin L. O’Brien. 2005. “The Importance
of Microclimate Variation in Determining Size, Growth and Survival of Avian
Offspring: Experimental Evidence from a Cavity Nesting Passerine.” Oecologia 144
(3): 499-507. doi:10.1007/s00442-005-0075-7.

De Moraes Weber, Marcelo, Richard D. Stevens, Maria Lucia Lorini, and Carlos
Eduardo V Grelle. 2014. “Have Old Species Reached Most Environmentally
Suitable Areas? A Case Study with South American Phyllostomid Bats.” Global
Ecology and Biogeography, 1177-85. doi:10.1111/geb.12198.

Deegan, Linda A., David Samuel Johnson, R. Scott Warren, Bruce J. Peterson, John W.
Fleeger, Sergio Fagherazzi, and Wilfred M. Wollheim. 2012. “Coastal
Eutrophication as a Driver of Salt Marsh Loss.” Nature 490 (7420): 388-92.
doi:10.1038/nature11533.

Diamond, Jared M. 1973. “Distributional Ecology of New Guinea Birds.” Science 179
(4075): 759-69.

Dinsmore, Stephen J., Gary C. White, and Fritz L. Knopf. 2002. “Advanced Techniques
for Modeling Avian Nest Survival.” Ecology 83 (12): 3476-88.

DiQuinzio, Deborah A., Peter W. C. Paton, and William R. Eddleman. 2001. “Site
Fidelity, Philopatry, and Survival of Promiscuous Saltmarsh Sharp-Tailed Sparrows
in Rhode Island.” The Auk 118 (4): 888-99.

Dobzhansky, T. 1950. “Evolution in the Tropics.” American Scientist 38: 209-21.

Dwernychuk, L. W., and D. A. Boag. 1972. “Ducks Nesting in Association with Gulls-
An Ecological Trap?” Canadian Journal of Zoology 50: 559-63. d0i:10.1139/z72-
076.

Emlen, John T, Michael J Dejong, Michael John Jaeger, Timothy C Moermond, Kurt A
Rusterholz, and Robin P White. 1986. “Density Trends and Range Boundary

110



Constraints of Forest Birds along a Latitudinal Gradient.” The Auk 103 (October):
791-803.

Emlen, Stephen T, and Lewis W Oring. 1977. “Ecology, Sexual Selection, and Evolution
of Mating Systems.” Science, New Series 4300: 215-23.

Enquist, B J, M a Jordan, and J H Brown. 1995. “Connections between Ecology
Biogeography and Paleobiology: Relationship between Local Abundance and
Geographic-Distribution in Fossil and Recent Molluscs.” Evolutionary Ecology 9
(6): 586-604. doi:10.1007/BF01237657.

Etges, William J. 1998. “Premating Isolation Is Determined by Larval Substrates in
Cactophilic Drosophila Mojavensis.” The American Naturalist 152 (1): 129-44.
d0i:10.1086/286154.

Etterson, Matthew A, and Richard S Bennett. 2013. “Quantifying the Effects of Pesticide
Exposure on Annual Reproductive Success of Birds.” Integrated Environmental
Assessment and Management 9 (4): 590-99. doi:10.1002/ieam.1450.

Etterson, Matthew A., Susan N. Ellis-Felege, David Evers, Gilles Gauthier, Joseph A.
Grzybowski, Brady J. Mattsson, Laura R. Nagy, et al. 2011a. “Modeling Fecundity
in Birds: Conceptual Overview, Current Models, and Considerations for Future
Developments.” Ecological Modelling 222 (14). Elsevier B.V.: 2178-90.
doi:10.1016/j.ecolmodel.2010.10.013.

. 2011b. “Modeling Fecundity in Birds: Conceptual Overview, Current Models,
and Considerations for Future Developments.” Ecological Modelling 222 (14).
Elsevier B.V.: 2178-90.

Etterson, Matthew A., Russell Greenberg, and Tom Hollenhorst. 2014. “Landscape and
Regional Context Differentially Affect Nest Parasitism and Nest Predation for Wood
Thrush in Central Virginia, USA.” The Condor 116 (2): 205-14.
doi:10.1650/CONDOR-13-045.1.

Etterson, Matthew A., Laura R. Nagy, and Tara Rodden Robinson. 2007. “Partitioning
Risk among Different Causes of Nest Failure.” The Auk 124 (2): 432-43.
doi:10.1642/0004-8038(2007)124[432:PRADCO0]2.0.CO;2.

Etterson, Matthew A., and Thomas R. Stanley. 2008. “Incorporating Classification
Uncertainty in Competing-Risks Nest-Failure Analysis.” The Auk 125 (3): 687-99.
doi:10.1525/auk.2008.07045.

Ferreira, Marcos Gongalves, and Maria Lucia Absy. 2015. “Pollen Niche and Trophic

Interactions between Colonies of Melipona (Michmelia) Seminigra Merrillae and
Melipona (Melikerria) Interrupta (Apidae: Meliponini) Reared in Floodplains in the

111



Central Amazon.” Arthropod-Plant Interactions, 263—79. doi:10.1007/s11829-015-
9365-0.

Filliater, Tamatha S., Randall Breitwisch, and Paul M. Nealen. 1994. “Predation on
Northern Cardinal Nests: Does Choice of Nest Site Matter?” Condor 96 (3): 761-68.
doi:10.2307/1369479.

Friesen, V. L., A. L. Smith, E. Gomez-Diaz, M. Bolton, R. W. Furness, J. Gonzalez-
Solis, and L. R. Monteiro. 2007. “Sympatric Speciation by Allochrony in a Seabird.”
Proceedings of the National Academy of Sciences of the United States of America
104 (47): 18589-94. d0i:10.1073/pnas.0700446104.

Gaston, Kevin J. 2009. “Geographic Range Limits: Achieving Synthesis.” Proceedings of
the Royal Society B: Biological Sciences 276 (1661): 1395-1406.
d0i:10.1098/rsph.2008.1480.

Gaston, Kevin J. 2003. The Structure and Dynamics of Geographic Ranges. New York,
NY: Oxford University Press.

Gauvrilets, Sergey. 2003. “Models of Speciation: What Have We Learned in 40 Years?”
Evolution 57 (10): 2197-2215. doi:10.1111/j.0014-3820.2003.tb00233.x.

. 2004. Fitness Landscapes and the Origin of Species. Princeton: Princeton
University Press.

Gibbons, David Wingfield, James B Reid, and Robert A Chapman. 1993. A New Atlas of
Breeding Birds in Britain and Ireland, 1988-1991. London: Academic Press.

Gill, Frank B. 2007. Ornithology. 3rd ed. New York, NY: W. H. Freeman and Company.

Gjerdrum, Carina, Chris S. Elphick, and Margaret Rubega. 2005. “Nest Site Selection
and Nesting Success in Saltmarsh Breeding Sparrows: The Importance of Nest
Habitat, Timing, and Study Site Differences.” The Condor 107 (4): 849-62.

Gjerdrum, Carina, K Sullivan-Wiley, and Erin King. 2008. “Egg and Chick Fates during
Tidal Flooding of Saltmarsh Sharp-Tailed Sparrow Nests.” The Condor 110 (3):
579-84. doi:10.1525/cond.2008.8559.

Gould, S. J., and R. C. Lewontin. 1979. “The Spandrels of San Marco and the
Panglossian Paradigm: A Critique of the Adaptationist Programme.” Proceedings of
the Royal Society B: Biological Sciences 205 (1161): 581-98.
d0i:10.1098/rsph.1979.0086.

Greenberg, Russell, Christopher Elphick, J. Cully Nordby, Carina Gjerdrum, Hildie
Spautz, W Gregory Shriver, Barbara Schmeling, et al. 2006. “Flooding and

112



Predation: Trade-Offs in the Nesting Ecology of Tidal Marsh Sparrows.” Studies in
Avian Biology, no. 32: 96-109.

Greenberg, Russell, Jesus E. Maldonado, Sam Droege, and M. V. McDonald. 2006.
“Tidal Marshes: A Global Perspective on the Evolution and Conservation of Their
Terrestrial Vertebrates.” BioScience 56 (8): 675-85.

Greenlaw, J.S., and J.D. Rising. 1994. “Saltmarsh Sparrow (Ammodramus Caudacutus).”
Edited by A. Poole. Birds of North America Online. Ithaca, NY.
doi:10.2173/bna.112.

Grinnell, Joseph. 1904. “The Origin and Distribution of the Chest-Nut-Backed
Chickadee.” The Auk 21 (3): 364-82.

Guo, Qinfeng, Mark Taper, M Schoenberger, and J Brandle. 2005. “Spatial-Temporal
Population Dynamics across Species Range: From Centre to Margin.” Oikos 108
(1): 47-57.

Haldane, J. B. S. 1956. “The Relation between Density Regulation and Natural
Selection.” Proceedings of the Royal Society B: Biological Sciences 145 (920): 306—
8. doi:10.1098/rspb.1979.0086.

Hartig, Ellen Kracauer, Vivien Gornitz, Alexander Kolker, Frederick Mushacke, and
David Fallon. 2002. “Anthropogenic and Climate-Change Impacts on Salt Marshes
of Jamaica Bay, New York City.” Wetlands 22 (1): 71-89. doi:10.1672/0277-
5212(2002)022[0071:AACCI0]2.0.CO;2.

Hawthorne, David J, and Sara Via. 2001. “Genetic Linkage of Ecological Specialization
and Reproductive Isolation in Pea Aphids.” Nature 412 (August): 28-31.
doi:10.1038/35091062.

Hengeveld, R, and Jaap Haeck. 1982. “The Distribution of Abundance.” Journal of
Biogeography 9 (4): 303-16.

Hill, Christopher E, Carina Gjerdrum, and Chris S. Elphick. 2010. “Extreme Levels of
Multiple Mating Characterize the Mating System of the Saltmarsh Sparrow
(Ammodramus Caudacutus).” The Auk 127 (2): 300-307.

Hindmarch, Sofi, and John E. Elliott. 2014. “A Specialist in the City: The Diet of Barn
Owils along a Rural to Urban Gradient.” Urban Ecosystems, 477-88.
d0i:10.1007/s11252-014-0411-y.

Hodgman, Thomas P., W. Gregory Shriver, and Peter D. Vickery. 2002. “Redefining
Range Overlap between the Sharp-Tailed Sparrows of Coastal New England.” The
Wilson Bulletin 114 (1): 38-43. doi:10.1676/0043-
5643(2002)114[0038:RROBTS]2.0.CO;2.

113



Hollis, G. E. 1975. “The Effect of Urbanization on Floods of Different Recurrence
Interval.” Water Resources Research 11 (3): 431-35.
d0i:10.1029/WR011i003p00431.

Humphreys, Selena, Chris S. Elphick, Carina Gjerdrum, and Margaret Rubega. 2007.
“Testing the Function of the Domed Nests of Saltmarsh Sharp-Tailed Sparrows.”
Journal of Field Ornithology 78 (2): 152-58. doi:10.1111/j.1557-
9263.2007.00098.x.

Hutchinson, G. Evelyn. 1957. “Concluding Remarks.” Cold Spring Harbor Symposia on
Quantitative Biology.

IUCN. 2012. “Ammodramus Caudacutus.” The IUCN Red List of Threatened Species.
http://www.iucnredlist.org/details/106008992/0.

Jackson, Allyson K, David C Evers, Matthew A Etterson, Anne M Condon, Sarah B
Folsom, Jennifer Detweiler, John Schmerfeld, and Daniel A Cristol. 2011. “Mercury
Exposure Affects the Reproductive Success of a Free-Living Terrestrial Songbird ,
the Carolina Wren (Thryothorus Ludovicianus).” The Auk 128 (4): 759-69.
doi:10.1525/auk.2011.11106.

Jones, Jason, PJ Doran, LR Nagy, RT Holmes, and SG Sealy. 2005. “Relationship
between Mayfield Nest-Survival Estimates and Seasonal Fecundity: A Cautionary
Note.” The Auk 122 (1): 306-12.

Kamel, Stephanie Jill, and N. Mrosovsky. 2005. “Repeatability of Nesting Preferences in
the Hawksbill Sea Turtle, Eretmochelys Imbricata, and Their Fitness
Consequences.” Animal Behaviour 70 (4): 819-28.
doi:10.1016/j.anbehav.2005.01.006.

Karl, Thomas R., and Richard W. Knight. 1998. “Secular Trends of Precipitation
Amount, Frequency, and Intensity in the United States.” Bulletin of the American
Meteorological Society 79 (2): 231-41. doi:10.1175/1520-
0477(1998)079<0231:STOPAF>2.0.CO;2.

Kimura, Motoo. 1983. The Neutral Theory of Molecular Evolution. New York:
Cambridge University Press.

Kluth, Christian, and Helge Bruelheide. 2005. “Effects of Range Position, Inter-Annual
Variation and Density on Demographic Transition Rates of Hornungia Petraea
Populations.” Oecologia 145 (3): 382-93. doi:10.1007/s00442-005-0141-1.

Kolbe, Jason J, Richard E Glor, Lourdes Rodriguez Schettino, Ada Chamizo Lara, Allan

Larson, and Jonathan B Losos. 2004. “Genetic Variation Increases during Biological
Invasion by a Cuban Lizard.” Nature 431 (7005): 177-81. doi:10.1038/nature02807.

114



Kriska, Gyorgy, Gabor Horvéth, and Sandor Andrikovics. 1998. “Why Do Mayflies Lay
Their Eggs En Masse on Dry Asphalt Roads? Water-Imitating Polarized Light
Reflected from Asphalt Attracts Ephemeroptera.” The Journal of Experimental
Biology 201 (Pt 15): 2273-86. doi:10.1007/978-3-662-09387-0_22.

Lamanna, Christine a, Benjamin Blonder, Cyrille Violle, Nathan J B Kraft, Brody Sandel,
Irena Simova, John C Donoghue 11, et al. 2014. “Functional Trait Space and the
Latitudinal Diversity Gradient.” Proceedings of the National Academy of Sciences of
the United States of America 111 (in press). doi:10.1073/pnas.1317722111.

Lawton, Johnh. 1993. “Range, Population Abundance and Conservation” 8 (7): 409-13.

Lee, Carol Eunmi. 2002. “Evolutionary Genetics of Invasive Species.” Trends in Ecology
& Evolution 17 (8): 386-91. doi:10.1016/S0169-5347(02)02554-5.

Lennon, Jay T, and Jennifer B H Martiny. 2008. “Rapid Evolution Buffers Ecosystem
Impacts of Viruses in a Microbial Food Web.” Ecology Letters 11 (11): 1178-88.
d0i:10.1111/j.1461-0248.2008.01225.x.

Lenski, Richard E., and Michael Travisano. 1994. “Dynamics of Adaptation and
Diversification: A 10,000-Generation Experiment with Bacterial Populations.”
Proceedings of the National ... 91 (July): 6808-14.

Lima, Albertina P., and Gloria Moreira. 993. “Effects of Prey Size and Foraging Mode on
the Ontogenetic Change in Feeding Niche of Colostethus Stepheni (Anura:
Dendrobatidae).” Oecologial 95 (1): 93-102. doi:10.1007/S00442-004-V.

Loehle, Craig. 1998. “Height Growth Rate Tradeoffs Determine Northern and Southern
Range Limits for Trees.” Journal of Biogeography 25: 735-42.

Lonard, Robert I., Frank W. Judd, and Richard Stalter. 2010. “The Biological Flora of
Coastal Dunes and Wetlands: Spartina Patens (W. Aiton) G.H. Muhlenberg.”
Journal of Coastal Research 265: 935-46. doi:10.2112/JCOASTRES-D-09-
00154.1.

MacArthur, Robert H. 1984. Geographical Ecology: Patterns in the Distribution of
Species. Princeton: Princeton University Press.

Machado, Carlos A. 2005. “Critical Review of Host Specificity and Its Coevolutionary
Implications in the Fig/fig-Wasp Mutualism.” Proceedings of the National Academy
of Sciences of the United States of America 102: 6558-65.
d0i:10.1073/pnas.0501840102.

Martin, Thomas E. 1992. “Breeding Productivity Considerations: What Are the

Appropriate Habitat Features for Management?” Ecology and Conservation of
Neotropical Migrant Landbirds, 455-73.

115



Mayfield, Harold F. 1975. “Suggestions for Calculating Nest Success.” The Wilson
Journal of Ornithology 87 (4): 456—-66.

Menéndez, Melisa, and Philip L. Woodworth. 2010. “Changes in Extreme High Water
Levels Based on a Quasi-Global Tide-Gauge Data Set.” Journal of Geophysical
Research 115 (C10011): 1-15. doi:10.1029/2009JC005997.

Miller, David A., James B. Grand, Thomas F. Fondell, and R. Michael Anthony. 2007.
“Optimizing Nest Survival and Female Survival: Consequences of Nest Site
Selection for Canada Geese.” The Condor 109 (October 2006): 769-80.

Montagna, William. 1942. “The Sharp-Tailed Sparrows of the Atlantic Coast.” The
Wilson Bulletin 54 (2): 107-20.

Murphy, Helen T., and Jon Lovett-Doust. 2007. “Accounting for Regional Niche
Variation in Habitat Suitability Models.” Oikos 116 (1): 99-110.
d0i:10.1111/j.2006.0030-1299.15050.x.

Murray, Bertram G. Jr. 2000. “Measuring Annual Reproductive Success in Birds.” The
Condor 102 (2): 470-73.

Normand, Signe, Urs A. Treier, Christophe Randin, Pascal Vittoz, Antoine Guisan, and
Jens-Christian Svenning. 2009. “Importance of Abiotic Stress as a Range-Limit
Determinant for European Plants: Insights from Species Responses to Climatic
Gradients.” Global Ecology and Biogeography 18 (4): 437-49. doi:10.1111/j.1466-
8238.2009.00451.x.

Nosil, Patrik. 2012. Ecological Speciation. Oxford: Oxford University Press.

Olsen, Brian J, Joshua M Felch, Russell Greenberg, and Jeffrey R Walters. 2008. “Causes
of Reduced Clutch Size in a Tidal Marsh Endemic.” Oecologia 158 (3): 421-35.
d0i:10.1007/s00442-008-1148-1.

Olson, Mark H. 1996. “Ontogenetic Niche Shifts in Largemouth Bass: Variability and
Consequences for First-Year Growth.” Ecology 77 (1): 179-80.
d0i:10.2307/2265667.

Papke, R. Thane, Niels B. Ramsing, Mary M. Bateson, and David M. Ward. 2003.
“Geographical Isolation in Hot Spring Cyanobacteria.” Environmental Microbiology
5 (8): 650-59. d0i:10.1046/].1462-2920.2003.00460.X.

Parent, Christine E., Deepa Agashe, and Daniel 1. Bolnick. 2014. “Intraspecific

Competition Reduces Niche Width in Experimental Populations.” Ecology and
Evolution 4 (20): 3978-90. doi:10.1002/ece3.1254.

116



Parmesan, Camille, Steve Gaines, and Laura Gonzalez. 2005. “Empirical Perspectives on
Species Borders: From Traditional Biogeography to Global Change.” Oikos 108 (1):
58-75.

Parmesan, Camille, and Gary Yohe. 2003. “A Globally Coherent Fingerprint of Climate
Change Impacts across Natural Systems.” Nature 421 (2 January 2003): 37-42.

Paton, Peter W. C. 1994. “The Effect of Edge on Avian Nest Success: How Strong Is the
Evidence?” Conservation Biology 8 (1): 17-26.

Peakall, David B. 1970. “The Eastern Bluebird: Its Breeding Season, Clutch Size, and
Nest Success.” The Living Bird 9: 239-56.

Pendleton, Linwood, Daniel C. Donato, Brian C. Murray, Stephen Crooks, W. Aaron
Jenkins, Samantha Sifleet, Christopher Craft, et al. 2012. “Estimating Global ‘Blue
Carbon’ Emissions from Conversion and Degradation of Vegetated Coastal
Ecosystems.” PLoS ONE 7 (9). doi:10.1371/journal.pone.0043542.

Perrins, C. M. 1970. “The Timing of Birds’ Breeding Seasons.” Ibis 112 (2): 242-55.
d0i:10.1111/j.1474-919X.1970.tb00096.x.

Petren, K, P R Grant, B R Grant, and L F Keller. 2005. “Comparative Landscape
Genetics and the Adaptive Radiation of Darwin’s Finches: The Role of Peripheral
Isolation.” Molecular Ecology 14 (10): 2943-57. d0i:10.1111/].1365-
294X.2005.02632.x.

Pfenninger, Markus, Carsten Nowak, and Frédéric Magnin. 2007. “Intraspecific Range
Dynamics and Niche Evolution in Candidula Land Snail Species.” Biological
Journal of the Linnean Society 90 (2): 303-17. doi:10.1111/j.1095-
8312.2007.00724.x.

Pianka, Eric R. 1970. “Comparative Autecology of the Lizard Cnemidophorus Tigris in
Different Pards of Its Geographic Range.” Ecology 51 (4): 703-20.
doi:10.2307/1934053.

Poloczanska, Elvira S, Christopher J Brown, William J Sydeman, Wolfgang Kiessling,
David S Schoeman, Pippa J Moore, Keith Brander, et al. 2013. “Global Imprint of
Climate Change on Marine Life.” Nature Climate Change 3 (October 2013): 919—
25. d0i:10.1038/nclimate1958.

Post, William. 1981. “The Influence of Rice Rats Oryzomys Palustris on the Habitat Use
of the Seaside Sparrow Ammospiza Maritima.” Behavioral Ecology and
Sociobiology 9 (1): 35-40.

Pulliam, HR. 1988. “Sources, Sinks, and Population Regulation.” American Naturalist
132 (5): 652-61.

117



Purves, Drew W. 2009. “The Demography of Range Boundaries versus Range Cores in
Eastern US Tree Species.” Proceedings of the Royal Society B: Biological Sciences
276 (1661): 1477-84. d0i:10.1098/rsph.2008.1241.

R Core Team. 2014. “R: A Language and Environment for Statistical Computing.”
Vienna, Austria: R Foundation for Statistical Computing.

Rapoport, Eduardo H. 1982. Areography. New York, NY: Pergamon Press.

Rausher, Mark D. 1979. “Larval Habitat Suitability and Oviposition Preference in Three
Related Butterflies.” Ecology 60 (3): 503-11. doi:10.2307/1936070.

Rauter, Claudia M., Heinz Ulrich Reyer, and Kurt Bollmann. 2002. “Selection through
Predation, Snowfall and Microclimate on Nest-Site Preferences in the Water Pipit
Anthus Spinoletta.” Ibis 144 (3): 433-44. doi:10.1046/].1474-919X.2002.00013.x.

Refsnider, Jeanine M., and Fredric J. Janzen. 2010. “Putting Eggs in One Basket:
Ecological and Evolutionary Hypotheses for Variation in Oviposition-Site Choice.”
Annual Review of Ecology, Evolution, and Systematics 41 (1): 39-57.
doi:10.1146/annurev-ecolsys-102209-144712.

Rehfeldt, Gerald E, Cheng C Ying, David L Spittlehouse, David a Hamilton, Ecological
Monographs, and No Aug. 1999. “Genetic Responses to Climate in Pinus Contorta:
Niche Breadth, Climate Change, and Reforestation” 69 (3): 375-407.

Resetarits, William J . Jr. 1996. “Oviposition Site Choice and Life History Evolution.”
American Zoologist 36 (2): 205-15. doi:10.1093/icb/36.2.205.

Rhainds, Marc, and William F Fagan. 2010. “Broad-Scale Latitudinal Variation in
Female Reproductive Success Contributes to the Maintenance of a Geographic
Range Boundary in Bagworms (Lepidoptera: Psychidae).” PloS One 5 (11): e14166.
doi:10.1371/journal.pone.0014166.

Ries, Leslie, and William F. Fagan. 2003. “Habitat Edges as a Potential Ecological Trap
for an Insect Predator.” Ecological Entomology 28: 567-72. doi:10.1046/j.1365-
2311.2003.00550.x.

Ripley, Brian, Bill Venables, Douglas M Bates, Kurt Hornik, Albrecht Gebhardt, and
David Firth. 2014. “Package ‘MASS.”” R Package. R package.

Rising, James D, and John C Avise. 1993. “Application of Genealogical-Concordance

Principles to the Taxonomy and Evolutionary History of the Sharp-Tailed Sparrow
(Ammodramus Caudacutus).” The Auk 110 (4): 844-56. doi:10.2307/4088638.

118



Robertson, Bruce A, and Richard L Hutto. 2006. “A Framework for Understanding
Ecological Traps and an Evaluation of Existing Evidence.” Ecology 87 (5): 1075—
85. doi:10.1890/0012-9658(2006)87[1075:AFFUET]2.0.CO;2.

Robertson, Bruce A. 2009. “Nest-Site Selection in a Postfire Landscape: Do Parents
Make Tradeoffs between Microclimate and Predation Risk?”” The Auk 126 (3): 500—
510. doi:10.1525/auk.2009.08148.

Rogers, David J, and Sarah E Randolph. 1986. “Distribution and Abundance of Tsetse
Flies (Glossina Spp.).” Journal of Animal Ecology 55 (3): 1007-25.

Rensted, Nina, George D Weiblen, James M Cook, Nicolas Salamin, Carlos A Machado,
and Vincent Savolainen. 2005. “60 Million Years of Co-Divergence in the Fig—wasp
Symbiosis.” Proceedings of the Royal Society B: Biological Sciences 272
(December 2005): 2593-99. doi:10.1098/rspb.2005.3249.

Root, Richard B. 1967. “The Niche Exploitation Pattern of the Blue- Gray Gnatcatcher.”
Ecological Monographs 37 (4): 317-50.

Root, Terry. 1988. Atlas of Wintering North American Birds: An Analysis of Christmas
Bird Count Data. Chicago, IL: University of Chicago Press.

Root, Terry L., Jeff T. Price, Kimberly R. Hall, Stephen H. Schneider, Cynthia
Rosenzweig, and J. Alan Pounds. 2003. “Fingerprints of Global Warming on Wild
Animals and Plants.” Nature 421 (2 January 2003): 57-60.
d0i:10.1038/nature01309.1.

Roscher, Christiane, Jens Schumacher, Bernhard Schmid, and Ernst-Detlef Schulze.
2015. “Contrasting Effects of Intraspecific Trait Variation on Trait-Based Niches
and Performance of Legumes in Plant Mixtures.” Plos One 10 (3): e0119786.
doi:10.1371/journal.pone.0119786.

Rosenberg, K.V., D. Pashley, B. Andres, P. J. Blancher, G.S. Butcher, W.C. Hunter, D.
Mehlman, et al. 2014. The State of the Birds 2014 Watch List. Washington, D.C.

Rotella, J. J., S. J. Dinsmore, and T. L. Shaffer. 2004. “Modeling Nest-Survival Data: A
Comparison of Recently Developed Methods That Can Be Implemented in MARK
and SAS.” Animal Biodiversity and Conservation 27.1: 187-205.

Rundle, Howard D., Laura Nagel, Janette Wenrick Boughman, and Dolph Schluter. 2000.
“Natural Selection and Parallel Speciation in Sympatric Sticklebacks.” Science 287
(January): 306-9.

Ryan Shipley, J., Andrea Contina, Nyambayar Batbayar, Eli S. Bridge, a. Townsend

Peterson, and Jeffrey F. Kelly. 2013. “Niche Conservatism and Disjunct
Populations.” The Auk 130 (3): 476-86. doi:10.1525/auk.2013.12151.

119



Saetre, G P, T Borge, J Lindell, T Moum, C R Primmer, B C Sheldon, J Haavie, a
Johnsen, and H Ellegren. 2001. “Speciation, Introgressive Hybridization and
Nonlinear Rate of Molecular Evolution in Flycatchers.” Molecular Ecology 10 (3):
737-49.

Sagarin, Raphael D, Steven D Gaines, and Brian Gaylord. 2006. “Moving beyond
Assumptions to Understand Abundance Distributions across the Ranges of Species.”
Trends in Ecology & Evolution 21 (9): 524-30. doi:10.1016/j.tree.2006.06.008.

Sagarin, Raphael D., and Steven D. Gaines. 2002. “Geographical Abundance
Distributions of Coastal Invertebrates: Using One-Dimensional Ranges to Test
Biogeographic Hypotheses.” Journal of Biogeography 29 (8): 985-97.
d0i:10.1046/j.1365-2699.2002.00705.X.

Samis, Karen E, and Christopher G Eckert. 2007. “Testing the Abundant Center Model
Using Range-Wide Demographic Surveys of Two Coastal Dune Plants.” Ecology 88
(7): 1747-58. doi:10.2307/27651292.

Scharf, F S, F S Scharf, F Juanes, F Juanes, R a Rountree, and R a Rountree. 2000.
“Predator Size-Prey Size Relantionships of Marine Fish Predators: Interspecific
Variation and Effects of Ontogeny and Body Size on Trophic-Niche Breadth.”
Marine Ecology Progress Series 208: 229-48.

Scheirs, Jan, Luc De Bruyn, and Ronald Verhagen. 2000. “Optimization of Adult
Performance Determines Host Choice in a Grass Miner.” Proceedings. Biological
Sciences / The Royal Society 267 (1457): 2065-69. doi:10.1098/rspb.2000.1250.

Schemske, Douglas W., Gary G. Mittelbach, Howard V. Cornell, James M. Sobel, and
Kaustuv Roy. 2009. “Is There a Latitudinal Gradient in the Importance of Biotic
Interactions?” Annual Review of Ecology, Evolution, and Systematics 40: 245-69.
doi:10.1146/annurev.ecolsys.39.110707.173430.

Scott, J M, S Mountainspring, F L Ramsey, and C B Kepler. 1986. “Forest Bird
Communities of the Hawaiian Islands: Their Dynamics, Ecology, and
Conservation.” Studies in Avian Biology 9: 1-431.

Shaffer, Terry L. 2004. “A Unified Approach to Analyzing Nest Success.” The Auk 121
(2): 526-40.

Shriver, W Gregory, James P Gibbs, Peter D Vickery, H Lisle Gibbs, P Thomas, Peter T
Jones, and Christopher N Jacques. 2005. “Concordance between Morphological and
Molecular Markers in Assessing Hybridization between Sharp-Tailed Sparrows in
New England.” The Auk 122 (1): 94-107. doi:10.1642/0004-
8038(2005)122[0094:CBMAMM]2.0.CO;2.

120



Shriver, W Gregory, Peter D Vickery, and Thomas P Hodgman. 2007. “Flood Tides
Affect Breeding Ecology of Two Sympatric Sharp-Tailed Sparrows.” The Auk 124
(2): 552-60. doi:http://dx.doi.org/10.1642/0004-
8038(2007)124[552:FTABEO]2.0.CO;2.

Shriver, W. Gregory, Thomas P. Hodgman, James P. Gibbs, and Peter D. Vickery. 2010.
“Home Range Sizes and Habitat Use of Nelson’s and Saltmarsh Sparrows.” The
Wilson Journal of Ornithology 122 (2): 340-45. doi:10.1676/09-149.1.

Shriver, W. Gregory, Thomas P. Hodgman, and Alan R. Hanson. 2011. “Nelson’s
Sparrow (Ammodramus Nelsoni).” The Birds of North America Online.
doi:10.2173/.

Sillett, T Scott, and Richard T Holmes. 2002. “Variation in Survivorship of a Migratory
Songbird throughout Its Annual Cycle.” Journal of Animal Ecology 71 (2): 296—
308.

Silliman, B.R., E. Grosholz, and M. D. Bertness, eds. 2009. Human Impacts on Salt
Marsh Ecosystems: Causes, Consequences and Solutions. University of California
Press.

Smith, Celia M., and Joseph A. Berry. 1986. “Recovery of Photosynthesis after Exposure
of Intertidal Algae to Osmotic and Temperature Stresses: Comparative Studies of
Species with Differing Distributional Limits.” Oecologia 70 (1): 6-12.

Sorenson, Michael D., Kristina M. Sefc, and Robert B. Payne. 2003. “Speciation by Host
Switch in Brood Parasitic Indigobirds.” Nature 424 (August): 31-32.
d0i:10.1038/nature01863.

Spencer, Ricky-John. 2002. “Experimentally Testing Nest Site Selection: Fitness Trade-
Offs and Predation Risk in Turtles.” Ecology 83 (8): 2136-44.

Streby, Henry M, Jeanine M Refsnider, Sean M Peterson, and David E Andersen. 2014.
“Retirement Investment Theory Explains Patterns in Songbird Nest-Site Choice.”
Proceedings of the Royal Society B: Biological Sciences 281 (1777): 20131834.
doi:10.1098/rspb.2013.1834.

Streby, HM, and DE Andersen. 2013. “Testing Common Assumptions in Studies of
Songbird Nest Success.” Ibis, 327-37.

Svanbdck, Richard, and Dolph Schluter. 2012. “Niche Specialization Influences Adaptive

Phenotypic Plasticity in the Threespine Stickleback.” The American Naturalist 180
(1): 50-59. doi:10.1086/666000.

121



Svenning, Jens Christian, and Flemming Skov. 2004. “Limited Filling of the Potential
Range in European Tree Species.” Ecology Letters 7 (7): 565-73.
d0i:10.1111/j.1461-0248.2004.00614.X.

Svensson, B W. 1992. “Changes in Occupancy, Niche Breadth and Abundance of Three
Gyrinus Species as Their Respective Range Limits Are Approached.” Oikos 63 (1):
147-56. doi:10.2307/3545524.

Teal, John M. 1986. The Ecology of Regularly Flooded Salt Marshes of New England: A
Community Profile. Woods Hole, MA.

Thomas, C D, E J Bodsworth, R J Wilson, a D Simmons, Z G Davies, M Musche, and L
Conradt. 2001. “Ecological and Evolutionary Processes at Expanding Range
Margins.” Nature 411 (6837): 577-81. doi:10.1038/35079066.

Thomas, Chris D., and Jack J. Lennon. 1999. “Birds Extend Their Ranges Northwards.”
Nature 399 (20 May 1999): 213. doi:10.1038/20335.

Thompson, Bruce C., Gregory E. Knadle, Donald L. Brubaker, and Kathleen S.
Brubaker. 2001. “Nest Success Is Not an Adequate Comparative Estimate of Avian
Reproduction.” Journal of Field Ornithology 72 (4): 527-36. doi:10.1648/0273-
8570(2001)072[0527:NSINAA]2.0.CO;2.

Thompson, John N. 1988. “Evolutionary Ecology of the Relationship between
Oviposition Preference and Performance of Offspring in Phytophagous Insects.”
Entomologia Experimentalis et Applicata, no. 1: 3-14. doi:10.1111/j.1570-
7458.1988.th02275.x.

Thuiller, Wilfried, David M Richardson, Petr Pysek, Guy F Midgley, Greg O Hughes,
and Mathieu Rouget. 2005. “Niche-Based Modelling as a Tool for Predicting the
Risk of Alien Plant Invasions at a Global Scale.” Global Change Biology 11 (April):
2234-50. d0i:10.1111/j.1365-2486.2005.01018.x.

Tieleman, B. Irene, Hendrika J. Van Noordwijk, and Joseph B. Williams. 2014. “Nest
Site Selection in a Hot Desert: Trade-Off Between Microclimate and Predation
Risk.” The Condor 110 (1): 116-24. doi:10.1525/cond.2008.110.1.116.116.

Tiner, Ralph W. 2013. Tidal Wetlands Primer: An Introduction to Their Ecology, Natural
History, Status, and Conservation. Amherst, MA: University of Massachusetts
Press.

Van Valen, Leigh. 1965. “Morphological Variation and Width of Ecological Niche.” The
American Nlaturalist 99 (908): 377-90. doi:10.2307/2678832.

Verhulst, Simon, and Jan-Ake Nilsson. 2008. “The Timing of Birds’ Breeding Seasons:
A Review of Experiments That Manipulated Timing of Breeding.” Philosophical

122



Transactions of the Royal Society of London. Series B, Biological Sciences 363
(1490): 399-410. d0i:10.1098/rsth.2007.2146.

Walsh, J, Al Kovach, KJ Babbitt, and KM O’Brien. 2012. “Fine-Scale Population
Structure and Asymmetrical Dispersal in an Obligate Salt-Marsh Passerine, the
Saltmarsh Sparrow (Ammodramus Caudacutus).” The Auk 129 (2).
doi:10.1525/auk.2012.11153.

Walsh, Jennifer, Adrienne | Kovach, Oksana P Lane, Kathleen M O’Brien, and Kimberly
J Babbitt. 2011. “Genetic Barcode RFLP Analysis of the Nelson’s and Saltmarsh
Sparrow Hybrid Zone.” The Wilson Journal of Ornithology 123 (2): 316-22.
d0i:10.1676/10-134.1.

Walsh, Jennifer, W. Gregory Shriver, Brian J. Olsen, Kathleen M. O’Brien, and Adrienne
I. Kovach. 2015. “Relationship of Phenotypic Variation and Genetic Admixture in
the Saltmarsh—Nelson’s Sparrow Hybrid Zone.” The Auk 132 (3): 704-16.
doi:10.1642/AUK-14-299.1.

Wiens, John A. 1989. The Ecology of Bird Communities, Volume 1 Foundations and
Patterns. Cambridge: Cambridge University Press.

Wiens, John J., and Catherine H. Graham. 2005. “Niche Conservatism: Integrating
Evolution, Ecology, and Eonservation Biology.” Annual Review of Ecology,
Evolution, and Systematics 36 (1): 519-39.
doi:10.1146/annurev.ecolsys.36.102803.095431.

Wong, Poh Poh, Inigo J. Losada, Jean-Pierre Gattuso, Jochen Hinkel, Abdellatif
Khattabi, Kathleen L. MclInnes, Yoshiko Saito, and Asbury Sallenger. 2014. “Part
A: Global and Sectoral Aspects. Contribution of Working Group 1l to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.” In Climate
Change 2014: Impacts, Adaptation, and Vulnerability, edited by and L.L. White
[Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M.
Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy,
S. MacCracken, P.R. Mastrandrea, 361-409. New York, NY.

Ying, C C. 1991. “Performance of Lodgepole Pine Provenances at Sites in Southwestern
British-Columbia.” Silvae Genetica 40 (5-6): 215-23.

123



Appendix A — Chapter 1: Study plots and associated covariate information

Table A.1. Study plots and associated covariate information.
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Appendix B — Chapter 1: Model Comparisons

Table B.1. Model selection for daily nest depredation probability. Latitude most

parsimoniously predicted nest depredation probability.

Predictors of nest

Predictors of nest

depredation flooding AIC, AAIC. weight
latitude intercept-only 2996.59 0 0.57
latitude + serial date intercept-only 2997.18  0.59 0.43
intercept-only intercept-only 3017.74 21.15 <0.01
serial date intercept-only 3019.74 23.15 <0.01
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Table B.2. Model selection for daily nest flooding probability. An additive combination

of maximum high tide, exceedance value, and serial date were selected as the most

parsimonious model of nest flooding probability.

Predictors of

nest depredation  Predictors of nest flooding AlC, AAICc  weight
intercept-only maximum high tide + 1% exceedance value + serial date 2988.25 0 0.35
intercept-only latitude + maximum high tide + 1% exceedance value + serial date 2989.20 0.95 0.22
intercept-only ?e?i)glngjl:tz high tide + sea level rise rate + 1% exceedance value + 2989.53 1.29 0.18
intercept-only latitude + 1% exceedance value + serial date 2991.09 2.84 0.08
intercept-only latitude + maximum high tide + sea level rise rate + serial date+ 1% 2991.19 204 008
exceedance value
intercept-only sea level rise rate + 1% exceedance value + serial date 2992.64 4.39 0.04
intercept-only latitude + sea level rise rate + 1% exceedance value + serial date 2993.03 4.79 0.03
intercept-only 1% exceedance value + serial date 2996.30 8.05 0.01
intercept-only maximum high tide + 1% exceedance value 3002.21 1397 <0.01
intercept-only maximum high tide + sea level rise rate + serial date 300240 1415 <0.01
intercept-only latitude + maximum high tide + sea level rise rate + serial date 3003.43 1518 <0.01
intercept-only latitude + maximum high tide + 1% exceedance value 3004.14 1589 <0.01
intercept-only maximum high tide + sea level rise rate + 1% exceedance value 300421 1597 <0.01
intercept-only latitude + maximum high tide + serial date 3005.09 16.84 <0.01
intercept-only latitude + 1% exceedance value 3005.15 1691 <0.01
intercept-only latitude + sea level rise rate + serial date 300535 17.10 <0.01
intercept-only serial date 300586 17.61 <0.01
intercept-only 1% exceedance value 300590 1766 <0.01
intercept-only {iatliltjl:;-de + maximum high tide + sea level rise rate + 1% exceedance 300591 17.66 <0.01
intercept-only maximum high tide + serial date 3006.17 1793 <0.01
intercept-only sea level rise rate + 1% exceedance value 3006.20 1795 <0.01
intercept-only latitude + sea level rise rate + 1% exceedance value 3006.81 1856 <0.01
intercept-only sea level rise rate + serial date 3007.15 1890 <0.01
intercept-only latitude + serial date 3007.83 1958 <0.01
intercept-only maximum high tide + sea level rise rate 3013.02 2477 <0.01
intercept-only latitude + maximum high tide + sea level rise rate 301420 2595 <0.01
intercept-only latitude + sea level rise rate 301525 27.01 <0.01
intercept-only sea level rise rate 3016.36  28.12 <0.01
intercept-only latitude + maximum high tide 3016.38  28.13 <0.01
intercept-only intercept-only 3017.74 2950 <0.01
intercept-only latitude 3018.26 30.01 <0.01
intercept-only maximum high tide 3019.63 3139 <0.01
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Table B.3. Best combined model. The combined model performed better than the top
models for either nest depredation probability or nest flooding probability.

Predictors of

nest depredation  Predictors of nest flooding AIC, AAICc  weight
latitude maximum high tide + 1% exceedance value + serial date 2967.73 0 1
intercept-only maximum high tide + 1% exceedance value + serial date 2988.25 20,52 <0.01
latitude intercept-only 2996.59 28.86 <0.01
intercept-only intercept-only 3017.74 50.02 <0.01
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Appendix C — Chapter 1: Saltmarsh Habitat and Avian Research Program
(SHARP) Nest Protocols
Saltmarsh Habitat and Avian Research Program Nest Protocols

Available online at www.tidalmarshbirds.org

6.3.1. Nest searching

Formal nest searches should be conducted as frequently as possible, but not so
frequently as to cause detrimental disturbance to the birds. At a minimum, plots should
be comprehensively searched at least once per week throughout the breeding season.
When nest searching, the procedure is simply to walk back and forth in a zigzag fashion,
with each path ~5-10 m from the previous one. Look carefully for behavioral cues,
particularly birds that flush within 15 meters of you as you walk. Also watch for
repeated flushes from the same spot, noticing when birds are carrying food (your
impression will be of a decidedly "front-heavy" bird, because of the bits of prey sticking
out of the bill) or fecal sacs (gleaming white). There is also an indescribable element
involved with finding nests that just comes with experience. Your best bet is to go out
with someone who has found some nests and look at where the nests are. Most people
get quite good at finding nests quite quickly, though no one ever believes that they will.
Finally, always pay attention for behavioral cues and opportunistically nest search at all

times on the plot (e.g. while conducting nest checks, vegetation surveys).
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6.3.2. Marking nests

Once nests have been found, they should be marked with flags and the geographic
coordinates taken directly over the nest recorded with a geographic positioning system
device. A nest card should be filled out right away, and it is usually helpful to draw a
small map of the immediate area on the back of the card, in order to help re-find the nest
on subsequent visits (especially if it is not you who will be coming back). The types of
thing worth marking on the map include the relative position within the plot, location of
nearby ditches or pools, any boundaries between vegetation types (e.g., the border of a
patch of Juncus sp.), etc.

We avoid putting flags right next to nests so as not to alert predators to the nest’s
location. Instead, use one of these methods; (a) place a flag ~5 m (5 strides) away, such
that the nest lies on a line between the flag and some easily identified marker (e.g., an
osprey platform or plot boundary marker), (b) if there is no suitable marker, put out two
flags each ~5 m away from the nest, such that the nest lies directly between them, or (c)
use a standard compass bearing to set the line between the flag and the nest. For any

particular research group it is a good idea to make the convention consistent.

6.3.2.1. Nest numbering

To make it easier to combine data sets from different research groups, we will all
use a common nest numbering system. Each nest should be given a number that consists
of (1) the two letter study plot code, (2) the last two digits of the year, (3) the 4-letter
banding code denoting the species, and (4) three numbers denoting the Nth nest found

that year, so that numbers take the form: ZZY'Y XXXX###, where ZZ is the two-letter
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code for the study plot where the nest occurred, Y'Y denotes the year, XXXX is the
species code, and ### is the nest number.

Within each research group, all nests are numbered sequentially, without regard to
species. For example, if the first three nests found in Connecticut in 2011 were a
saltmarsh sparrow at Barn Island, a willet at Hammonasset, and another saltmarsh
sparrow at East River, they would be numbered BI11SALS001, HM11WILLO002,
ER11SALSO003.

If multiple field teams are working in the same area in the same year, or if people
are working separately during nest searching, then each should be designated a separate
set of numbers to use, so as to ensure that no number is used twice. For example, one
person could take numbers starting from ZZY'Y XXXX001, while another takes numbers

starting from ZZYYXXXX201.

6.3.2.2. Under-construction nests

For nests found without eggs, usually via a female flush during the construction
phase, mark them as you would an active nest with a stake flag. Record the date found
and the location using geographic coordinates for each nest found under construction on a
new nest card.

To prevent disturbance that could lead a female to abandon her nesting attempt
during the construction stage, do not revisit under-construction nest until at least 5 days
after discovery when it might have eggs. In the meantime, stay away from the nest as
much as possible; ideally leave an approximately 50m buffer, although the presence of

other nests that need monitoring may influence the buffer radius). To this end, you might
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find it useful to mark the flag differently, such as with colored flagging that denotes
“under construction” so the area can be avoided at a distance.

If an under-construction nest has eggs on a subsequent visit, assign it a unique
number and open a new nest card for it if you haven’t already. If the nest never has eggs
on subsequent visits, be sure you recorded the date of discovery and geographic

coordinates, and then remove the flag after a few weeks.

6.3.3. Nest monitoring

Nests should be visited every 3-4 days after finding to track nest contents. Three
days is preferred for use in the fecundity model required by a SHARP deliverable. Nest
visits should be brief and every attempt should be made to minimize disturbance. If you
can see into the nest and count contents without getting right up close, then do so
(carrying a narrow bamboo stick can be helpful as it allows you to part the vegetation
without getting right up next to the nest). If nestlings are present, make note of physical
features indicating their approximate age (feather development, body size, open eyes). If
any eggs or nestlings are seen outside of the nest (especially after a flooding event), make
note of that.

If any eggs or chicks are missing since your last visit, make a thorough search of
the area around the nest to see if there are drowned chicks, or eggs that have floated out.
If a nest appears to have flooded and has lost an egg or two, continue monitoring with
nest checks at the normal intervals, because females will persist in incubation and the

remaining eggs often hatch. If a nest with chicks appears to be empty, but it is too soon
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for them to fledge, also keep monitoring, because young chicks can climb out of nests
and hide in the surrounding vegetation. Make sure to check where you put your feet.

Details of each visit should be recorded on the appropriate nest record card (see
below). When nest contents have gone missing, it is important to provide as much detail
as possible, both about what you do see and what you do not (e.g., broken egg shell,
chewed body parts, any nest damage, nest empty but dry, etc.) Information about other
nests lost in the same area and timeframe can be especially helpful to record, although the
fate of one nest should not be simply inferred from the fate of others. All of this

information will be used to assign nest fates at a later date.

6.3.4. Nest cards

Whenever you go out in the field, carry a batch of blank nest cards so that you can
fill in basic information when you first find a nest. When doing a series of nest checks,
take the relevant nest cards with you so that you (a) have a map and directions to the nest,
(b) know the conditions on the last visit, which can sometimes help explain what you
find, and (c) can fill the information in directly to avoid transcription errors later on. Nest
cards should be printed on fairly stiff card stock or Rite in the Rain paper so that they can
withstand some abuse, but remember that these are primary data so take care not to get

them wet, muddy, etc.

6.3.4.1. General nest info
Fill in the top section with the appropriate information about the nest and study

plot when you first find the nest. Use the nest numbering system described above.
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Record the geographic coordinates of each nest using a geographic positioning system
device. Record the band number of the associated female if she is trapped off of the nest.
As noted previously, sketch a map of the nest location on the back of the nest card to

assist finding the nest on subsequent nest checks.

6.3.4.1. Individual visit info
For each nest visit, the nest card has places where you should note:
o date and time of nest visit, observer initials
e the number of eggs and chicks in the nest,
e whether the nest bowl is wet (i.e. from flooding),
e whether eggs were warm or not (lightly touch them in the nest to check),
e the age of any chicks (estimated from the Nestling Aging SOP, available
on SHARP website: www.tidalmarshbirds.org),
e whether any dead eggs or chicks were collected,
e whether a female was seen to flush as you approached the nest,
e how far you were from the nest when the female flushed,
e whether the female called (also known as “chipping’) at you as you
approached the nest,
e how far you were from the nest (NOT the female) when mobbing began.
There is also a column for nest status on each visit (e.g., partially failed due to
flooding, completely failed due to depredation). Codes for use in this column are in the
margin on the right of the card. Assigning codes is not always straightforward and a full

assessment may not be possible until after the nest has completed. During the nest visits,
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however, simply assign the code that you think most accurately reflects the nests’ status
for the period since the previous visit. Criteria for each status are described below.

In the “Notes” space below each visit’s row of boxes you can describe any
changes in the nest’s integrity (e.g., pulled apart by a predator), whether the nest appears
damp (e.g., due to flooding), whether and how many dead eggs/chicks were found, and

any other information that may help assign a fate to the nest.

6.3.5. Nest fate assignment

To minimize variation in how fates are assigned, nest fates should be completed
by the graduate student responsible for each study plot (in consultation with others, as
necessary). Described below are nest fate assignment rules, which should be followed
closely to ensure consistency across individuals.

Ultimate nest fates relate to the factor that determined the “completion” of the
nest, and is measured according to mutually exclusive categories. In other words it is the
fate that relates to the last individual(s) in a nest.

e If any individual fledges, then the nest would be assigned an ultimate fate
of “Fledged” (="successful”).

e If no individual fledges, then the nest would be assigned an ultimate fate
of “flooded”, “depredated”, or “failed, unknown cause” (all of which =
“unsuccessful”).

e In cases of conflicting evidence, specifically both nest flooding and nest
depredation evidence, nest fate is considered “completely failed, unknown

cause”.

134



e Ifitis not certain whether any individuals fledge, then the nest would be
assigned an ultimate fate of “unknown fate”.

Nest fate assignment requires tracking the nestling period of each nest that
hatches to determine if missing chicks were old enough to fledge. Although eggs are laid
a day apart, most species (including sparrows, shorebirds, ducks) will not start incubating
until the clutch is complete. This means that the eggs will usually hatch on the same day.
Our conventions are that the first day of the complete clutch is considered the first day
(day 1) of incubation, and that the day on which eggs hatch is considered day 0 of the
nestling phase (i.e., nestlings are considered 1 day old on the day after hatching occurs).
Incubation lasts approximately 12 days for saltmarsh sparrows, and the last day of
incubation is also hatch day when the chicks are aged 0 days. Nestlings usually fledge
after 10 days, when they are aged 9 days with our hatch day = 0 days old convention
(Greenlaw and Rising 1994). In summary, the entire brooding cycle proceeds as follows.
Egg-laying: 1-5 days; incubation: approximately 12 days (last day is hatch day when

chicks are 0 days old); nestling phase: typically 10 days, between 9 and 13 days.

6.3.6. Nest fate assignment key

Below is a dichotomous key for nest fate classification. Apply these rules to the
ultimate fate of the nest, as defined as the fate of the last egg or chick surviving within
the nest. For example, though a nest may lose an egg to flooding during incubation but

the remaining eggs hatch and the chicks fledge, the ultimate nest fate is
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1 - At previous visit, chicks were 9+ days old (5)

1 - At previous visit, chicks were <9 days old (2)

2 - At current visit, chicks would be 9+ days old (8)*
2' - At current visit, chicks would be < 8 days old (13)*

2" - At current visit, chicks would be 8 days old (17)*

5 - Spring tide or heavy rainfall occurred since previous visit (6)

5'- No spring tide or heavy rainfall occurred since previous visit (7)

6 - Evidence of flooding (flooded)

— the nest is observed underwater during a high tide and a subsequent nest check
confirms that the nest is missing contents

— the nest is found with intact eggs outside the nest

— the nest is found with intact cold or dirty eggs in the nest, and eggs do not subsequently
hatch

— the nest is found with intact dead chicks in, or close to, the nest

— the nest is found with barely-alive nestlings

— the nest is found to be empty and soaking wet immediately (next day) after a high tide,
was known to have been active immediately prior to the high tide, and there are no signs
of depredation (see 7 for criteria required to assign depredation)

6' - No evidence of flooding (7)

6’’ — Evidence of flooding and depredation (failed, unknown cause)
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7 - Evidence of depredation (depredated)

— the nest is found with its structure pulled apart

— the nest is found with obvious depredation remains

— dead chicks or eggs are found with injuries that likely resulted in death

— the nest is found empty, or with partial loss, on a day when the tides could not have
accounted for the losses

7' - No evidence of depredation (fledged)

8 - No eggs/chicks missing, cold, or past hatch date (active)

8' - At least one egg/chick missing, cold, or past hatch date (9)

9 - Spring tide or heavy rainfall occurred since previous visit (10)

9' - No spring tide or heavy rainfall occurred since previous visit (11)

10 - Evidence of flooding (flooded)

— the nest is observed underwater during a high tide and a subsequent nest check
confirms that the nest is missing contents

— the nest is found with intact eggs outside the nest

— the nest is found with intact cold or dirty eggs in the nest, and eggs do not subsequently
hatch

— the nest is found with intact dead chicks in, or close to, the nest

— the nest is found with barely-alive nestlings
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— the nest is found to be empty and soaking wet immediately (next day) after a high tide,
was known to have been active immediately prior to the high tide, and there are no signs
of depredation (see 7 for criteria required to assign depredation)

10" - No evidence of flooding (11)

10’ — Evidence of flooding and depredation (failed, unknown cause)

11 - Evidence of depredation (depredated)

— the nest is found with its structure pulled apart

— the nest is found with obvious depredation remains

— dead chicks or eggs are found with injuries that likely resulted in death

— the nest is found empty, or with partial loss, on a day when the tides could not have
accounted for the losses

11' - No evidence of depredation (12)

12 - Nest intact, well worn, may have droppings in the nest or immediately adjacent
(fledged)

12" - Conflicting evidence (unknown if successful or failed)

13 - No eggs/chicks missing, cold, or past hatch date (active)

13' - At least one egg/chick missing, cold, or past hatch date (14)

14 - Spring tide or heavy rainfall occurred since previous visit (15)

14" - No spring tide or heavy rainfall occurred since previous visit (16)
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15 - Evidence of flooding (flooded)

— the nest is observed underwater during a high tide and a subsequent nest check
confirms that the nest is missing contents

— the nest is found with intact eggs outside the nest

— the nest is found with intact cold or dirty eggs in the nest, and eggs do not subsequently
hatch

— the nest is found with intact dead chicks in, or close to, the nest

— the nest is found with barely-alive nestlings

— the nest is found to be empty and soaking wet immediately (next day) after a high tide,
was known to have been active immediately prior to the high tide, and there are no signs
of depredation (see 7 for criteria required to assign depredation)

15" - No evidence of flooding (16)

15’ — Evidence of flooding and depredation (failed, unknown cause)

16 - Evidence of depredation (depredated)

— the nest is found with its structure pulled apart

— the nest is found with obvious depredation remains

— dead chicks or eggs are found with injuries that likely resulted in death

— the nest is found empty, or with partial loss, on a day when the tides could not have
accounted for the losses

16' - No evidence of depredation (failure, unknown cause)
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17 - No eggs/chicks missing, cold, or past hatch date (active)

17' - At least one egg/chick missing, cold, or past hatch date (18)

18 - Spring tide or heavy rainfall occurred since previous visit (19)

18' - No spring tide or heavy rainfall occurred since previous visit (20)

19 - Evidence of flooding (flooded)

— the nest is observed underwater during a high tide and a subsequent nest check
confirms that the nest is missing contents

— the nest is found with intact eggs outside the nest

— the nest is found with intact cold or dirty eggs in the nest, and eggs do not subsequently
hatch

— the nest is found with intact dead chicks in, or close to, the nest

— the nest is found with barely-alive nestlings

— the nest is found to be empty and soaking wet immediately (next day) after a high tide,
was known to have been active immediately prior to the high tide, and there are no signs
of depredation (see 7 for criteria required to assign depredation)

20" - No evidence of flooding (19)

20’ — Evidence of flooding and depredation (failed, unknown cause)

20 - Evidence of depredation (depredated)
— the nest is found with its structure pulled apart

— the nest is found with obvious depredation remains
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— dead chicks or eggs are found with injuries that likely resulted in death
— the nest is found empty, or with partial loss, on a day when the tides could not have
accounted for the losses

20" - No evidence of depredation (unknown if successful or failed)

6.3.7. Nest and visit censoring

For nest survival analysis (e.g. logistic exposure), nest monitoring data must be
censored to eliminate known biases. For example, if nestlings could have fledged on a
given visit date (chicks were 9+ days old, in the case of saltmarsh sparrows) and their
nest is found empty, the visit must be removed. In this case, the nest is assumed to be
fledged while it may have failed after the previous visit with no evidence of failure left.
By removing the final visit when the nestlings could have fledged, the potential positive
bias is eliminated and all previous visits contribute to survival estimates. See Shaffer
(2004) for discussion of this issue and an illustrative example.

Data that must be censored from nest monitoring before deriving survival
estimates and the known problems they introduce:

o Nests that were found after failure — Even when evidence of cause of failure is
available at the nest site, the timing of failure is not known and therefore the nest
cannot be included.

e Nest visits when nestlings could have fledged, specifically nests with chicks that
would be 9+ days old — See above. We also exclude nest visits when nestlings
were 8 days old because previous research suggests that at 8 days (with hatch day

= day 0), nestlings may fledge though it is rare (Greenlaw and Rising 1994). To
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correct nest visits when chicks were 8 days old, remove the final nest visit and
change the ultimate nest fate from “unknown if fledged or failed” to “fledged”,
which allows the nest to contribute to daily survival probabilities without
introducing bias.

Nest visits when the nest was already inactive on the previous visit — Note that, in
the field it is best to be conservative (continue to visit a nest until you are sure it
has failed); however, this practice results in nests that were visited more than once
after failure. Left unchanged, these additional visits can result in erroneous
assigned times of failure and exposure intervals.

Nest visits that are 6 or more days after the previous visit - We restrict our
analyses to nests visited more frequently to limit uncertainty in nest fate

assignment and the timing of nest completion.
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