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Abstract

The balance of abiotic and biotic stressors experienced by a species likely varies across its range, 

resulting in spatially heterogeneous limitations on the species’ demographic rates. Support for 
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spatial variation in stressors (often latitudinal gradients) has been found in many species, usually 

with physiological or correlative occupancy data, but it has rarely been estimated directly with 

demographic data. We collected demographic data from 23 sites spanning the majority of the 

Saltmarsh Sparrow (Ammodramus caudacutus) breeding range. Using data from 837 nests, we 

quantified the abiotic and biotic variables most important to nest survival, which is the dominant 

driver of both fecundity and population growth rate in this species. We separately estimated daily 

nest failure probability due to nest depredation (biotic stressor) and nest flooding (abiotic stressor), 

which collectively account for almost all nest failure in the species. Nest depredation decreased 

with latitude, whereas nest flooding was not related to latitude. Instead, nest flooding was best 

predicted by a combination of maximum high tide, extremity of rare flooding events, and date. 

For a single vital rate, we observed predictable variation in competing biotic and abiotic stressors 

across this species range. We observed that biotic and abiotic stressors were geographically 

independent, both on a large spatial scale and locally. Our results suggest that stressors on 

the fecundity of Saltmarsh Sparrow vary systematically across its range, but independently. 

The observed patterns of biotic and abiotic stress provide information for efforts to conserve 

the Saltmarsh Sparrow, which is considered threatened. Further, understanding the effects that 

different stressors, and their interactions, have on demographic rates is necessary to unravel the 

processes that govern species distributions and to effectively conserve biodiversity in the face of 

global change.

RESUMEN
El balance de factores de estrés abióticos y bióticos para una especie probablemente varía a través 

de su rango, dando como resultado limitaciones espaciales heterogéneas en las tasas demográficas 

de la especie. Se ha verificado la existencia de variación espacial en los factores de estrés 

(usualmente gradientes latitudinales) para muchas especies, usualmente con datos fisiológicos o 

de ocupación correlativa, pero raramente se ha estimado directamente con datos demográficos. 

Colectamos datos demográficos de 23 sitios abarcando la mayoría del rango reproductivo de 

Ammodramus caudacutus. Usando datos de 837 nidos, cuantificamos las variables abióticas y 

bióticas más importantes para la supervivencia del nido, que es la variable que determina tanto la 

fecundidad como la tasa de crecimiento poblacional en esta especie. Por otra parte, estimamos la 

probabilidad de fracaso diario del nido debido a la depredación del nido (factor de estrés biótico) e 

inundación del nido (factor de estrés abiótico), que juntos representaron casi todos los fracasos del 

nido en esta especie. La depredación del nido disminuyó con la latitud mientras que la inundación 

del nido no se relacionó con la latitud. En cambio, la inundación del nido se predijo mejor por 

una combinación del máximo superior de la marea, la extremidad de los eventos de inundación 

raros y la fecha. Considerando una sola tasa vital, observamos variación predecible en los factores 

de estrés biótico y abiótico que compiten a través del rango de la especie. Observamos que los 

factores de estrés biótico y abiótico fueron geográficamente independientes tanto a una escala 

espacial grande como a la escala local. Nuestros resultados sugieren que los factores de estrés 

relacionados a la fecundidad de A. caudacutus varían sistemática pero independientemente a través 

de su rango. Los patrones observados de estrés biótico y abiótico brindan información para los 

esfuerzos de conservación de A. caudacutus, una especie considerada amenazada. Más aún, es 

necesario entender los efectos que los diferentes factores de estrés y sus interacciones tienen en 

las tasas demográficas para desenmarañar los procesos que gobiernan las distribuciones de las 

especies y para conservar la biodiversidad de manera eficiente en miras al cambio global.
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INTRODUCTION

Factors that affect demographic processes vary over space in multiple taxa, often in 

conjunction with latitude. Theodosius Dobzhansky (1950) suggested that populations within 

the same species face systematically different types of stressors across the species range. 

He hypothesized that abiotic stressors such as climate pose greater challenges at high 

latitudes, whereas 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 by biotic stressors at low latitudes (MacArthur 

1984, Brown 1995, Brown et al. 1996). The theory has also grown to include at least 2 

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 trade-off 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 (for a review, see Parmesan et al. 2005). In many systems, the influence of 

biotic interactions on a species has been observed to increase with decreasing latitude. For 

example, rates of predation, herbivory, and parasitism often increase toward low latitudes in 

a wide variety of taxa (Schemske et al. 2009). In other systems, abiotic variables such as 

climate have been found to correlate with increased physiological tolerances. For example, 

Bergmann’s rule describes the pattern observed in many endothermic species, in which body 

size increases with latitude, a sign of increased physiological tolerance to abiotic stress 

that allows for increased survival in harsh climates (Bergmann 1847, Meiri and Dayan 

2003). Despite physiological and correlative evidence that supports the AASL (Lord 1960, 

Caughley et al. 1988, Root 1988, Sand et al. 1995, Mehlman 1997, Loehle 1998, Sæther 

et al. 2008, Gaston 2009, Sexton et al. 2009), the effects of biotic and abiotic stressors 

and their interaction on species’ demographic rates have rarely been quantified across large 

spatial scales (for a notable exception, see Brewer and Gaston 2003).

In the present study, we used detailed demographic data collected across the breeding 

range of the Saltmarsh Sparrow (Ammodramus caudacutus) to quantify the abiotic and 

biotic variables that influence a key demographic parameter and examine how they vary 

with latitude. Using a multistate Markov model (Etterson et al. 2007, 2014), we separately 
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estimated the probability of nest failure due to biotic stress (depredation) and abiotic stress 

(flooding) to explore 2 questions. First, we tested whether biotic and abiotic stress to 

Saltmarsh Sparrow fecundity varied systematically with latitude across the species range. 

We expected that, as predicted by the AASL, both nest depredation and flooding would 

be related to latitude. Specifically, we expected that there was a trade-off between these 

stressors, whereby nest flooding would increase and nest depredation decrease with latitude. 

Second, we explored which landscape-scale covariates best predicted biotic and abiotic 

stress affecting nest survival across a large spatial scale.

METHODS

Study System

Saltmarsh Sparrows are well suited for investigating spatial gradients in stressors because 

they provide a simplified system in which we can examine the relative importance of biotic 

and abiotic variables in affecting demographic rates across the range of a species. First, we 

can focus on the latitudinal range boundaries because of the configuration of the Saltmarsh 

Sparrow 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; 

Figure 1). Thus, the species range is oriented north–south along the U.S. Atlantic coast, with 

longitudinal boundaries clearly defined by absence of tidal-marsh habitat (Greenlaw and 

Rising 1994, Hodgman et al. 2002). Second, Saltmarsh Sparrows are specialists in a simple, 

relatively homogeneous habitat (Greenberg et al. 2006b, Tiner 2013) that allows us to rule 

out many confounding factors associated with more diverse systems, such as intraspecific 

competition (Greenlaw and Rising 1994, Bayard and Elphick 2010).

Third, nest survival is the dominant driver of both fecundity and population growth rate in 

this species (Field et al. 2017) and is largely determined by only 2 variables, one biotic 

(nest depredation) and one abiotic (nest flooding) (Greenlaw and Rising 1994, Gjerdrum 

et al. 2005, Greenberg et al. 2006a, Shriver et al. 2007). Nest flooding is the dominant 

abiotic stressor on Saltmarsh Sparrow fecundity because the species range is relatively 

small and governed by a temperate marine climate. Saltmarsh Sparrows build their nests a 

few centimeters above the ground in the high-marsh zone (Humphreys et al. 2007), which 

typically floods during monthly astronomical high tides and some storm events (Tiner 2013). 

Consequently, nest flooding is a major cause of nest failure for the species and an important 

driver of its nesting ecology (Greenlaw and Rising 1994, Gjerdrum et al. 2005, 2008, Shriver 

et al. 2007). Eggs can hatch after submersion in cold saltwater during ≤10 flooding events 

(Bayard and Elphick 2011) that typically last 1–2 hr (Gjerdrum et al. 2008), nesting females 

continue incubation following multiple flooding events (Bayard and Elphick 2011), and 

chicks can temporarily scramble up to the grass to stay above the water level during flooding 

events (Bayard and Elphick 2011).

Tidal marshes are shaped by both regular flooding caused by astronomical tides and 

irregular flooding caused by weather (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). These contributing factors to hydrology vary spatially throughout the Saltmarsh 

Sparrow range. Regular tidal flooding tends to increase with latitude within the species 
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range, with marshes at the high-latitude edge of the range experiencing astronomical high 

tides that are ~2 times greater than those experienced in more southerly marshes (Figure 

2A). By contrast, the extremity of rare flooding events is spatially heterogeneous across the 

range (Figure 2B), and rates of sea-level rise tend to decrease with latitude in this region 

(Figure 2C).

Nest depredation is the other primary cause of nest failure in Saltmarsh Sparrows and 

is also expected to vary spatially across the species range, due to large differences in 

predator community. For instance, lower-latitude marshes host nest predators that have no 

high-latitude analogue (e.g., rice rats [Oryzomys palustris]; Post 1981). Supporting this 

prediction, a meta-analysis of all avian taxa endemic to North American tidal marshes found 

that nest predation rates decreased with increasing latitude (Greenberg et al. 2006a).

Data Collection

From 2011 to 2013, we implemented a standardized data-collection protocol at 23 study 

plots spanning a great-circle distance of ~575 km (Figure 1). Our survey covered 59% of 

the Saltmarsh Sparrow’s latitudinal breeding range (Wiest et al. 2016). Study plots consisted 

of 1- to 28-ha areas of tidal marsh in the high-marsh zone, where Saltmarsh Sparrows build 

their nests. Saltmarsh Sparrow clutch size ranges from 2–5 eggs, with a mean (± SD) clutch 

size of 3.65 ± 0.74 across this study area from Maine to New Jersey. At each study plot, 

we searched for nests at least once per week throughout the breeding season (May–August). 

Once we found a nest, we revisited it every 2–5 days to determine success or failure. If a 

nest failed, we used multiple lines of evidence at the nest site to determine the cause of 

failure (for protocol, see Ruskin et al. 2017: appendix A).

We assigned depredation (biotic variable) as the cause of failure for nests found with broken 

or punctured eggs or with mangled chicks, and for nests that were empty and dry after nights 

that did not have tides high enough to flood the high marsh. We assigned flooding (abiotic 

variable) as the cause of failure for nests that were wet after nights with tides high enough to 

inundate the high marsh, that contained drowned chicks, or that had intact eggs outside the 

nest (because they floated out). We classified nests as failed for unknown reasons in cases 

of rare uncertain events (e.g., possible abandonment) or when we found conflicting evidence 

(e.g., nest bowl was 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).

First, we tested whether both nest depredation (biotic variable) and nest flooding 

(abiotic variable) probabilities varied systematically across the Saltmarsh Sparrow range. 

Specifically, we tested whether nest failure probabilities varied with latitude. We recorded 

the latitude and longitude of each study plot at its approximate center using ArcGIS 10.1 

(ESRI, Redlands, California, USA).

Second, we tested other variables as predictors of nest depredation and flooding 

probabilities, based on a priori hypotheses, to explore which landscape-scale and climatic 

variables affect Saltmarsh Sparrow fecundity. In addition to latitude, we expected that nest 
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depredation would be related to serial date, and specifically that depredation would increase 

with date in the breeding season. This pattern has been found previously in a variety of 

avian taxa, perhaps due to nest predators increasing their foraging effort to feed their own 

growing young (Verhulst and Nilsson 2008). We also expected that nest depredation would 

be related to the age of the nest. Predation risk has been observed to change with nest age in 

a variety of systems, though results have been mixed regarding which ages of nests are most 

vulnerable to predation (Grant et al. 2005, Thompson 2007). For each nest, we estimated 

age as a continuous variable in 3 ways based on how much information was available (for 

details, see Ruskin et al. 2017: appendix B). For nests observed during egg laying, we 

assigned first egg date (date the first egg of the clutch was laid) by assuming that one egg 

was laid per day (Greenlaw and Rising 1994). For nests that were first observed with full 

clutches and hatched, we counted back to the first egg date using a visual estimation of 

chick ages and an average incubation interval of 12 days (Ruskin et al. 2017), assuming that 

incubation began with the last egg laid (Greenlaw and Rising 1994). For nests that were first 

observed with full clutches and did not hatch, we subtracted an average number of days until 

discovery, pooled by year and study plot, from the date the nest was first found.

We tested 3 potential predictors of nest flooding probability that reflect distinct inputs to 

tidal-marsh hydrology: maximum high tide to describe the amplitude of regular monthly 

flooding, extremity of rare flooding events, and relative sea-level-rise rate. For maximum 

high tide and extremity of rare flooding events, we obtained water-level data from the 

National Oceanic and Atmospheric Administration using the observation station that was 

closest to each study plot (approximately 15–50 km by water; Appendix Table 3). We used 

1% annual exceedance probabilities above the mean daily high tide (i.e. mean higher high 

water [MHHW] datum) to reflect the extremity of rare flooding events at each study plot. 

Exceedance probabilities describe the likelihood that the water level will surpass a given 

height; for example, a 1% annual exceedance probability level of 1.23 m above MHHW 

means that the water level is expected to reach 1.23 m above MHHW only once in a century. 

This datum is corrected for local relative sea-level rise. We collected linear sea-level-rise 

estimates based on 1969–2011 water levels from Boon (2012), using the location nearest 

to each study plot (approximately 15–55 km by water). We expected that nest flooding 

probability would increase with each of these indices of flooding. Finally, we included serial 

date as a covariate for flooding risk because monthly high tides typically decrease in height 

throughout the breeding season, and thus we expected nest flooding probability to decrease 

with increasing serial date.

Statistical Analyses

We used the program MCestimate (Etterson et al. 2007, 2014) to calculate daily probabilities 

of nest survival and failure from competing risks. Daily probabilities control for biases 

introduced by the age at which nests are discovered (Mayfield 1975). MCestimate employs 

a multistate maximum likelihood approach to estimate daily nest failure probabilities as a 

Markov process via a generalization of the Mayfield method (Mayfield 1975, Etterson and 

Bennett 2005). In short, observations of the nest status for each visit and the number of 

days between visits (exposure days) are used to estimate daily probabilities of nest survival 

and failure for groups pooled by covariate values within a generalized linear modeling 
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framework. Unlike traditional logistic exposure models (Dinsmore et al. 2002, Rotella et 

al. 2004, Shaffer 2004), MCestimate separately estimates probabilities of failure due to 

competing risks, in addition to total daily nest survival probability. We used MCestimate to 

generate daily nest failure probabilities as logitlinear (linear in the log-odds) functions of 

nest-level and study-plot-level covariates from nest monitoring data (Shaffer 2004, Etterson 

and Stanley 2008).

We adopted a 2-stage approach for model selection (Table 1). First, we separately compared 

candidate models for nest depredation and flooding. We compared models containing all 

additive combinations of potential covariates of nest depredation probability (latitude, serial 

date, and nest age) while modeling nest flooding probability as constant, plus an intercept-

only null model (9 candidate models in 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 the intercept-only 

null model (32 candidate models in total). We used second-order Akaike’s Information 

Criterion (AICc) to compare candidate models in each set while accounting for small sample 

size. We used a difference of 2 or more in AICc values to identify which models most 

parsimoniously described nest failure (Akaike 1974, Burnham and Anderson 2002), treating 

the simplest model within 2 AICc values of the model with the lowest AICc as the best 

(Arnold 2010). We also compared cumulative variable weights for all candidate variables 

to identify uninformative variables. For the second stage of model selection, we combined 

the best models for nest depredation and flooding, and compared the combined model to an 

intercept-only null model and the best models from the previous stage.

To report the daily probabilities of nest failure by study plot, we created models with study 

plot as the sole fixed-effect covariate to allow for maximum local variation. We created a 

separate model for each nest depredation probability, nest flooding probability, and total 

nest survival probability as predicted by study plot. We computed Pearson’s correlation 

coefficient to test whether daily nest flooding and nest depredation probabilities by study 

plot were related to each other, which would indicate a potential trade-off between biotic and 

abiotic stressors on a local scale (R Core Team 2014, package “Hmisc” function “rcorr”).

We also used the study-plot models for nest depredation, flooding, and total nest survival 

probabilities to assess the fit of our large-scale models using analyses of deviance 

(ANODEV; Skalski et al. 1993). We compared the study-plot models (which include the 

maximum variance, akin to observed values) to the latitude models and intercept-only 

models to quantify the amount of observed variation explained by latitude for each cause 

of nest failure. Similarly, because our top model for nest flooding probabilities included 

serial date, we compared models with an additive combination of study plot and serial date 

to the best large-scale and intercept-only nest-flooding models to quantify the amount of 

observed variation explained by our top model. We also conducted parametric bootstrapping 

goodness-of-fit tests, based on White et al. (2001), on our top models.
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RESULTS

We collected nest monitoring data from 858 nests found over 3 yr of study, ranging between 

3 and 138 nests plot−1. We excluded from analyses nests that, after censoring, had only one 

observation and one study plot where we found only one nest, resulting in a sample size of 

837 nests. We included 3,059 nest visits in our analysis, covering a total of 8,859 exposure 

days. Using a subset of nests for which precise estimation of nest age was possible (nests 

observed during egg laying or that hatched), observations were relatively evenly distributed 

between incubation (43%) and nestling stages (54%), with small percentages of observations 

during egg laying (2%) and when nests were >24 days old (0.4%) (Appendix Figure 5).

We observed daily nest depredation probabilities that ranged from <0.001 to 0.087 and 

daily nest flooding probabilities that ranged from 0.016 to 0.116 by study plot. Daily nest 

survival probabilities ranged widely by study plot, from 0.857 to 0.970 (2–48% total nest 

survival over the 24-day nesting period; Appendix Table 4). Despite local heterogeneity, we 

observed clear, large-scale patterns in the nest failure probabilities of Saltmarsh Sparrows. 

ANODEV results confirmed a significant relationship between latitude and nest depredation 

probabilities (for maximum-variance study-plot model, negative log-likelihood [NLL] = 

1,500.65, number of parameters [K] = 23; ANODEV: F1,20 = 9.24, P = 0.006), and 

parametric bootstrapping tests showed no evidence of lack of fit of this model to the 

observed data. Conversely, latitude offered almost no explanatory power for nest flooding 

probability, as judged by ANODEV (for maximum-variance study-plot model, NLL = 

1,506.93, K = 23; ANODEV: F1,20 = 0.02, P = 0.88).

A combination of latitude and nest age best predicted daily nest depredation probability 

and performed better than the null model (Table 1A; ΔAICc = 74.86). Results from the 

ANODEV confirmed that the top model significantly explained observed variance in daily 

nest depredation probabilities (for maximum-variance study-plot model, NLL = 1,500.65, K 
= 23; ANODEV: F1,20 = 97.24, P < 0.001), and parametric bootstrapping tests showed no 

evidence of lack of fit of this model to the observed data. The log-odds of nest depredation 

probability increased linearly moving toward low latitudes (Figure 3) and increased with 

nest age (Table 2).

Three models of daily nest flooding probability were within 2.0 AICc values of the model 

with the lowest AICc. Of these 4, one model contained 5 predictive variables, 2 models 

contained 4 predictive variables, and one model contained only 3 predictive variables. 

The simplest model within this set also contained only the predictive variables with 

high cumulative variable weights (maximum high tide: 0.80; extremity of rare flooding 

events: 0.99; and serial date: 0.99), whereas the other, less parsimonious models contained 

predictive variables with low cumulative weights (latitude: 0.46; sea-level rise: 0.45). 

Further, the simplest model is also the only one in the set of 4 that did not include at least 

one predictive variable that had a parameter estimate with a 95% confidence interval that 

overlapped zero. Based on these multiple lines of evidence that the simplest model was the 

most parsimonious and contained variables with the most explanatory power, we chose the 

simplest model as our top model. Our top model used an additive combination of maximum 

high tide, extremity of rare flooding events, and serial date to predict daily nest flooding 
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probability and performed much better than the null model (Table 1B; ΔAICc = 33.28). 

Results from the ANODEV confirmed that this model significantly explained observed 

variance in daily nest flooding probabilities (for maximum-variance study-plot + serial-date 

model, NLL = 1,499.37, K = 24; ANODEV: F1,20 = 13.46, P = 0.002), and parametric 

bootstrapping tests showed no evidence of lack of fit of this model to the observed data. 

The log-odds of nest flooding probability increased with maximum high tide, increased with 

extremity of rare flooding events (Figure 4), and decreased throughout the breeding season 

(Table 2).

The combined model (nest depredation probability predicted by latitude and nest age; nest 

flooding probability predicted by maximum high tide, exceedance value, and serial date) 

predicted nest failure probabilities better than the best model for nest depredation probability 

(Table 1C; ΔAICc = 34.08), the best model for nest flooding probability (ΔAICc = 76.29), 

and the intercept-only null model (ΔAICc = 109.57). Parametric bootstrapping tests showed 

no evidence for lack of fit of the top model to the observed data. Daily nest depredation and 

nest flooding probabilities by study plot were not related (r = −0.17, n = 22, P = 0.46).

DISCUSSION

We observed a variable landscape of competing abiotic and biotic stressors on Saltmarsh 

Sparrow fecundity across the species range. We observed a latitudinal trend in nest 

depredation probability. Consistent with the AASL, we observed that nest depredation 

increased toward low latitudes (Figure 3A). Few data exist on the abundance and diversity of 

nest predators in tidal marshes. However, the species richness of mammalian, reptilian, and 

avian predators all increase at lower latitudes (Cook 1969, Currie 1991). Nest flooding 

probability was not related to latitude, a result that is not consistent with the AASL. 

Instead, nest flooding probability was high in relation to nest depredation across the species 

range (Figure 3B) and was best predicted by an additive combination of 3 variables. Our 

results indicate that both regular monthly flooding from astronomical tides (represented 

by maximum high tide) and irregular, weather-related flooding (represented by exceedance 

value) drive spatial patterns of Saltmarsh Sparrow nest flooding. Further, nest depredation 

and flooding probabilities at each plot were uncorrelated, demonstrating that biotic and 

abiotic stressors on Saltmarsh Sparrow fecundity are not related at either a local or a large 

spatial scale. Therefore, in opposition to modern formulations of the AASL hypothesis, 

our results suggest that in this system, there is not a direct trade-off between physiological 

tolerance and competitive ability.

The underlying mechanisms structuring nest predator communities in this system appear 

to be independent of the controls on nest flooding rates at the scales we examined. These 

results suggest that Saltmarsh Sparrow fecundity is shaped by 2 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 as drivers of 

the distributions and demographic rates of species (Connell 1961, Diamond 1973). To 

our knowledge, multiple gradients have not been examined in the same species, though 
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results suggesting 2 abiotic stress gradients have been found previously (Pianka 1970). We 

found that the stressors of nest flooding and depredation were geographically independent 

throughout the Saltmarsh Sparrow range. Similar patterns of both abiotic and biotic stress 

gradients affecting one vital rate of a species might be expected in other systems in which 

gradients of abiotic stress vary independently in relation to broad latitudinal patterns in 

biodiversity (e.g., gradients of fire regime, wind damage, or urbanization).

The spatially independent patterns of biotic and abiotic stress on fecundity that we observed 

may be signs of a stress gradient related to human modification of the landscape. The 

extremity of rare flooding events was an important predictor of nest flooding in this system, 

and extreme water levels have increased on a global scale (Wong et al. 2014). Generally, this 

trend is driven by sea-level rise (Wong et al. 2014). However, New York and Connecticut—

which have high nest-flooding probabilities compared to the local maxima of high tides—

also host particularly high exceedance values for the region. One explanation could be that 

these areas have more impermeable surfaces, which result in increased runoff and “flashier” 

flooding patterns (Hollis 1975). Authors have also noted that increased rates of nutrient 

pollution associated with runoff have corresponded in time with accelerated rates of marsh 

loss within these urbanized states (Hartig et al. 2002, Deegan et al. 2012).

Regardless of whether the spatial independence of stressors on saltmarsh fecundity is 

a historical pattern or a result of anthropogenic change, modern Saltmarsh Sparrow 

populations are affected by an axis of abiotic stress that is independent of latitude. The 

patterns of biotic and abiotic stress that we observed provide important information for 

efforts to conserve the Saltmarsh Sparrow, which is considered threatened (Greenlaw and 

Rising 1994, Butcher et al. 2007, IUCN 2012). For example, these results suggest that 

predator control may be an effective management tool at low latitudes of the species range 

but not at higher latitudes.

Further, understanding the effects that different stressors, and their interactions, have on 

demographic rates is necessary to unravel the processes that govern species distributions 

and predict their responses to anthropogenic change. For Saltmarsh Sparrows, we observed 

that the extremity of rare storms, which is linked to human modification of the landscape, 

is an important predictor of nest failure. We would thus expect that increased human 

development along the coast within the Saltmarsh Sparrow range would lead to declines 

in fecundity. This result highlights the possibility that other species may also be affected 

by a stress gradient that is correlated with human activity, such as urbanization or fire 

regime. Thus, understanding the demographic and spatial dynamics of species ranges is not 

only an important topic in theoretical ecology, but will become increasingly important for 

conservation in the face of global change.
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APPENDIX

Distribution of Observations across Breeding Stages: Methods and Results

To estimate the distribution of observations across different nest ages, we examined the 

subset of nests with the most precise nest ages, specifically nests that were either observed 

during egg-laying or hatched (n = 558). This subset excludes nests that were first observed 

with full clutches and only observed with eggs, because the nest ages are most imprecise 

for this subset of nests. Using the subset of nests with precise nest ages, observations 

were primarily distributed between observations during incubation (43%) and nestling stages 

(54%), with small percentages of observations during egg laying (2%) and when nests 

were >24 days old (0.4%), which is largely an artifact of the 2- to 5-day nest-check 

schedule. These percentages exclude nests with imprecise nest ages (n = 279), all of which 

were observed during incubation. Though we cannot precisely attribute observations to 

specific ages for these nests, we estimate that including those observations would not 

substantially change the distribution of observations. The small percentages of observations 

during egg laying and at >24 days would grow smaller, and we expect that the balance 

of observations between incubation and nestling stages would shift from 43% and 54% to 

approximately 57% and 40%, respectively. Finally, we note that the estimates of percentages 

of observations in different stages are an approximation because nests were not visited daily, 

and breeding stages can vary among individual nests.
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APPENDIX FIGURE 5. 
Using the subset of nests with precise age estimates (nests that were observed during egg 

laying or that hatched; n = 571), observations were primarily distributed between incubation 

(43%) and nestling stages (54%), with few observations during egg laying (2%) or when 

nests were >24 days old (0.04%). Labeled bars at the top of the figure delineate the breeding 

stages for a typical nest, though we note that this is an approximation due to the 2- to 5-day 

visit schedule and individual variation.
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FIGURE 1. 
Our demographic study plots spanned 7 states within the Saltmarsh Sparrow breeding range 

(gray). Within each boxed area, we surveyed 1–5 study plots.
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FIGURE 2. 
(A) Maximum high-tide height, as measured by maximum observed water level, May–

August, 2011–2013, by study plot. Maximum high-tide height generally increases with 

latitude on the northeastern coast of the United States. (B) Extremity of rare flooding 

events, as measured by 1% annual exceedance value above the typical high-water mark 

(mean higher high water [MHHW]), by study plot. Areas within the geographic center 

of the Saltmarsh Sparrow range experience the highest exceedance values. (C) Relative 

sea-level-rise rate by study plot. Generally, sea-level-rise rate decreases with latitude within 

this region.
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FIGURE 3. 
Daily nest failure and survival probabilities modeled as functions of latitude (lines) and 

study plot (demonstrates maximum local variance, akin to observed values; dot size 

is proportional to the sample size [number of nests] at each study plot; bar length is 

proportional to 1 SE), with date held constant (mean serial date = 188). (A) Nest depredation 

probability decreased with increasing latitude. (B) Daily nest flooding probability was not 

related to latitude. (C) Total daily nest survival probability increased slightly with increasing 

latitude.
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FIGURE 4. 
Daily nest flooding probabilities modeled as functions of landscape-level variables (lines) 

and study plot (akin to observed values; dot size is proportional to the number of nests at 

each study plot; bar length is proportional to 1 SE), with date held constant (mean serial 

date = 188). Daily nest flooding probability of Saltmarsh Sparrows was best predicted by 

an additive combination of (A) maximum observed high tide during the study period (May–

August, 2011–2013); and (B) extremity of rare flooding events, as measured by 1% annual 

exceedance probability level (MHHW = mean higher high water) and serial date.
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