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ABSTRACT

The salient feature of anthropogenic climate change over the last century has been the rise in

global mean temperature. However, global mean temperature is not used as an explanatory

variable in studies of population-level response to climate change, perhaps because the signal to

noise ratio of this gross measure makes its effect difficult to detect in any but the longest of

datasets. Using a population of Leach's storm-petrels breeding in the Bay of Fundy, we tested

whether local, regional, or global temperature measures are the best index of reproductive

success in the face of climate change in species that travel widely between and within seasons.

With a 56-year dataset, we found that Annual Global Mean Temperature (AGMT) was the single

most important predictor of hatching success, more so than regional sea surface temperatures

(breeding season or winter) and local air temperatures at the nesting colony. Storm-petrel

reproductive success showed a quadratic response to rising temperatures, in that hatching success

increased up to some critical temperature, then declined when AGMT exceeded that temperature.

The year at which AGMT began to consistently exceed that critical temperature was 1988.

Importantly, in this population of known-age individuals, the impact of changing climate was

greatest on inexperienced breeders: reproductive success of inexperienced birds increased more

rapidly as temperatures rose and declined more rapidly after the tipping point than did

reproductive success of experienced individuals. The generality of our finding that AGMT is the

best predictor of reproductive success in this system may hinge on two things. First, an

integrative global measure may be best for species in which individuals move across an

enormous spatial range, especially within seasons. Second, the length of our dataset and our

capacity to account for individual- and age-based variation in reproductive success increase our

ability to detect a noisy signal.
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INTRODUCTION

The salient feature of anthropogenic climate change over the last century has been the

rise in global mean temperature. This change has accelerated since the 1950s (IPCC, 2013).

When viewed as a whole, the effects of rising global temperatures on the natural world have been

profound (Rosenzweig et al., 2008). However, direct evidence for these effects on biological

systems is generally based on regional or local measures of temperature (Root et al., 2003).

Global mean temperature itself generally does not appear as an independent variable in these

studies perhaps because the signal to noise ratio of this gross measure makes its effect difficult to

detect in any but the longest of datasets. Global temperature is an index of an entire planet’s

worth of interactions. It is the great integrator. As such, it may explain more variation in the

response of natural populations to climate change than do more proximate measures, particularly

for animals that move over large spatial scales.

Annual Global Mean Temperature (AGMT) is a single, broad-brush metric that has risen

by more than 0.6° C since 1950 (IPCC, 2013). AGMT is derived from a combination of marine

and terrestrial temperatures (Hansen et al., 2006). Both air and sea temperatures around the

world have risen in parallel with global temperature, though the correlations between air, sea,

and global temperatures are not perfect and vary around the globe (IPCC, 2013). Local climate at

any particular place and time may not be in sync with the global mean. For organisms with

restricted movement patterns such as flowering plants (Fitter & Fitter, 2002), insects (Pollard &

Moss, 1995), or resident birds (Santisteban et al., 2012), local or regional temperatures may be

better predictors of reproductive success than global temperature. Even for migrant species that

travel great distances between breeding and wintering sites, local temperatures at either site

might best explain reproductive success if the movement within the breeding site is restricted
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(Dyrcz & Halupka, 2008). For cosmopolitan species that travel widely between and within

seasons, one can imagine a complex model that integrates precise measures of an individual’s

location and local temperature for every hour of every day over the course of a year. Even if

possible, it is not clear that such a model would capture the conflicting effects of temperature

within systems or the myriad combinations of direct and indirect effects across time. AGMT is a

single metric that integrates across time and space and, therefore, may be well-suited for

examining the effects of climate on species that cover great distances, both between and within

seasons.

Marine vertebrates, in general, fit this criterion (Sydeman et al., 2015). In addition, a

number of marine vertebrate species breed on land and forage at sea and are susceptible to

change in both regional sea surface temperatures and local air temperatures. Examples include

pinnipeds (McDonald et al., 2012) and sea turtles (Perez et al., 2016, Saba et al., 2012, Tomillo

et al., 2014), but seabirds are the most numerous and wide-spread vertebrate taxa to straddle both

marine and terrestrial ecosystems worldwide (Schreiber & Burger, 2002). In fact, seabirds are

renowned for the distances travelled within and between seasons (Weimerskirch et al., 2012).

Seabirds forage daily hundreds or thousands of kilometers from their nesting islands and also

make large-scale migrational movements during the non-breeding portion of their annual cycle

(Dearborn et al., 2003, Egevang et al., 2010, Pollet et al., 2014). Long-term studies of seabirds,

therefore, should provide appropriate conditions with which to detect the effect of global

temperatures on reproductive success in natural populations.

Seabirds are known to be sensitive to ecosystem change, both natural and anthropogenic

(Frederiksen et al., 2004, Sandvik et al., 2012, Sydeman et al., 2012, Sydeman et al., 2015,

Sydeman et al., 2017). Ninety percent of the studies on seabirds that examined sea surface
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temperatures (SST) showed a negative correlation with survival and 70% showed a negative

effect on reproduction. Such effects are best documented in the mid- and high latitudes (Root et

al., 2003, Sydeman et al., 2012, Valtonen et al., 2014) and a meta-analysis of 29 North Atlantic

seabird species suggests that the strongest effect of climate variability is on reproduction rather

than survival (Sandvik et al., 2012).

Generally, the effects of rising SST are indirect, manifested through availability and

quality of prey species (Kawaguchi et al., 2013). Warming SSTs are often associated with

lowered availability of zooplankton at critical times (Friedland et al., 2012, Hunt et al., 2011,

Mackas et al., 2007). Responses by seabirds to such warming include changes in incubation

behavior (Shoji et al., 2012), changes in breeding phenology (Burthe et al., 2012, Chambers et

al., 2013), lowered probability of breeding (Cubaynes et al., 2011), early-life survival and

recruitment (Fay et al., 2017, Pardo et al., 2017), and reduced reproductive success in general

(Rolland et al., 2010). In the western Atlantic, for example, distributions of many demersal

fishes (Nye et al., 2009) and entire fish communities (Lucey & Nye, 2010) have shifted

northward and into deeper waters over the past five decades in response to warming ocean

temperatures.

While the effect of rising SST on seabird reproduction has been well studied, less

attention has been paid to the effect of air temperature (AT) on seabird reproduction (Fagundes et

al., 2016, Sydeman et al., 2012), though terrestrial systems’ response to such warming is well

documented (e.g., Lebreton, 2011, Santisteban et al., 2012). Rising air temperatures impose

direct thermal effects on marine vertebrates that breed on land and forage at sea (Croxall et al.,

2002). These local effects can be negative or positive and may differ from indirect effects

manifested in the community on which they forage. Although, warming air temperatures have
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been shown to impose heat stress on nestling birds (Boersma & Rebstock, 2014, Hart et al.,

2016), particularly in tropical regions, warming air temperatures in the mid- and high latitudes

may reduce the cost of thermoregulation on land during the breeding season and be a net benefit

(Olsen & Baker, 2001).

Given the natural inter-annual variation in climate and biological systems, only very

long-term studies have the power to reveal the effect of global mean temperature on natural

populations. Long-term studies that track presence/absence or population size can reveal how

species distributions or abundances change over time (Bussiere et al., 2015, Cunningham &

Moors, 1994). However, only studies that track individuals through time allow us to account for

intrinsic factors such as age and individual quality before analyzing changes due to climatic

factors. Although such long-term biological studies on terrestrial systems are vastly more

common than on marine systems (Rosenzweig et al., 2008), few exceed a half-century in length.

Such multi-decadal, individual-based studies provide the best opportunity to assess the utility of

global temperature in explaining a species’ response to climate change.

The breeding population of Leach’s storm-petrels (Oceanodroma leucorhoa) at the

Bowdoin Scientific Station at Kent Island in the Bay of Fundy has been monitored with marked

individuals since 1955. Storm-petrels breed in the North Atlantic after spending the winter in the

equatorial Atlantic (Pollet et al., 2014). These seabirds produce a single egg per year for up to 38

years (Huntington et al., 1996), and incubating adults travel up to 2600 km during a single

foraging trip (Mauck et al., 2016). Hatching success has been shown to vary with individual

quality (Mauck et al., 2004) and to increase with experience (Mauck et al., 2012). This latter

point is important, as inexperienced individuals of a species may also be less buffered against

environmental stressors (Bunce et al., 2005), in which case we predict that any negative effects
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of climate change might disproportionately affect inexperienced breeders in our population.

Overall, the confluence of a highly mobile vertebrate and a population that has been studied for

over half a century provides a rare opportunity to test the hypothesis that global mean

temperature may be the best integrator of global climate change and should, therefore, best

predict the relationship between changing climate and reproductive success in natural

populations.

Given that these pelagic seabirds travel long distances both within and between seasons,

as well as forage at sea and breed on land, we expect that the integrated index of AGMT will

explain more variation in reproductive success than will either local air temperatures or regional

sea surface temperatures. We also expect that rising local air temperatures will provide a direct

positive thermal benefit to incubating adults and, though not as strong a signal as global

temperature, should positively affect reproductive success in this marine vertebrate. Since most

studies show a negative effect of rising SST on seabird reproductive success, we expect the

effect of SST on storm-petrel biology to be negative. If local and regional effects are opposite

and of equal strength, it is possible that they will cancel each other out such that no effect of

global temperature will be evident. It is also possible that the effect of either local or regional

temperatures will be strong enough alone to explain reproductive success in these seabirds.

Finally, the combination of air and sea surface temperatures together may obviate the need for

AGMT to explain reproductive success in this marine vertebrate. To test these contrasting

predictions, we modeled global, regional, and local temperature effects, both linear and

quadratic, against storm-petrel reproductive output from 1955 through 2010.

METHODS
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The study species and population

CEH began the study of the breeding population of Leach’s storm-petrels at the Bowdoin

Scientific Station at Kent Island, New Brunswick, Canada (44° 35’ N, 66° 45’ W) in 1955. Kent

Island is an 85-ha island in the Grand Manan Archipelago at the mouth of the Bay of Fundy.

Approximately 15,000 pairs nest on Kent Island (Minnich, unpubl.) of which 300-600 burrows

have been monitored annually in four non-contiguous study sites on the island.

Leach’s storm-petrels are long-lived pelagic seabirds of the order Procellariiformes, all of

which share the life history traits of long life span, deferred reproduction and a single egg clutch.

The 45-g storm-petrels nest in underground burrows, primarily on the northern half of Kent

island in forest of spruce, fir, and mixed hardwood. Most eggs are produced from late May

through early July.

Adults are monomorphic and males and females alternate incubation duties during a 40-

to 44-day incubation period (Huntington et al., 1996). The incubating adult fasts for up to seven

days (3.3 ± 0.6 SD days), losing up to 7.5% of its body mass daily while its partner forages at sea

(Mauck et al., 2011, Ricklefs, 1986, Zangmeister et al., 2009). Once hatched, the nestling is

brooded for 3–8 days, after which it remains alone in the burrow for an additional 60–70 days

and is fed during brief nocturnal visits by both parents (Mauck & Ricklefs, 2005). Producing a

single chick requires over 100 days of parental effort and failed adults generally do not make a

second attempt in one season.

Incubation is often considered the most energetically demanding phase of seabird

reproduction (Barbraud, 2000, Weimerskirch, 1990, Weimerskirch et al., 2012). This may

explain why variation in the ability of adults to successfully hatch an egg (mean 76%) has a

greater impact on annual reproductive success on Kent Island (Huntington et al., 1996) than does
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raising a chick to independence (mean 93%). Hatching success is largely a function of the pair’s

ability to cope with the energetic demands of incubation (Zangmeister et al., 2009), which may

rest on each adult’s ability to locate and store energy or on the degree to which the adult reduces

its own energy reserves. Given its primacy in determining reproductive success and the

continuity of the data collected, we used hatching success to gauge reproductive success in this

population.

Determining hatching success and breeding experience

With the exception of 1977, incubating adults sitting on eggs were captured and

identified in each burrow during June and July from 1955 to 2010. Unbanded individuals were

fitted with unique USFWS (U.S. Fish and Wildlife Service) / CWS (Canadian Wildlife Service)

bands. Hatching success (0 or 1) was determined in late August/early September by the presence

or absence of a chick where previously there had been an egg. Because extra-pair paternity is

rare or absent in this population (Dearborn et al., 2015, Mauck et al., 1995), we assumed all eggs

were the product of the attending adults. In this fashion, we recorded hatching success and

breeding experience for 25,879 adult-burrow-years from 1955 through 2010.

Measures of climatic conditions - global temperature

We used data from National Oceanic and Atmospheric Administration (NOAA) to

characterize temperature on a global scale. The Global Surface Temperature combines Land and

Sea Surface temperatures across a 5x5 degree world-wide grid to derive a single value that

characterizes the temperature of the earth’s surface in monthly intervals. The Global Temperature

Anomaly is the temperature in any particular year minus a reference temperature. We used
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version 4.01

(https://www.ncdc.noaa.gov/data-access/marineocean-data/noaa-global-surface-temperature-noaa

globaltemp), which used the years 1971–2000 to derive the mean reference temperature, which

we refer to as Global Mean Temperature. For our analysis, we obtained 3 measures for each year

from 1955 to 2010: Annual Global Mean Temperature (AGMT) and Breeding Season Mean

Temperature (BSMT; May, June, July– incubation period), as well as the 5-year average of the

AGMT based on the 5 years prior to each year of the study (5yrM).

Measures of climatic conditions - sea surface temperatures

We characterized Sea Surface Temperatures during the summer breeding season with

mean monthly temperatures during May, June, and July; this span included the month before

eggs were laid through the end of incubation. Breeding season SST (SSTb) were taken from the

area bounded -69.5°E, 40.0°N, -65.5°E, 43.5°N (Mauck et al., 2016). Because winter

environmental conditions may affect adult physiological condition when they initially arrive on

the breeding ground, we also included SST from the previous winter (December, January,

February). For winter SST (SSTw), we used the mean of the previous December, January, and

February temperatures bounded by -34.0°E, -15.0°N, -18.0°E, 20.0°N (Pollet et al., 2014). We

obtained raw SST data from the Hadley Centre Sea Ice and Sea Surface Temperature data set

(Rayner et al., 2003; www.metoffice.gov.uk/hadobs/hadisst).

Measures of climatic conditions - local temperatures

Daily weather data during the breeding season have been collected at Kent Island

annually since 1939 (Cunningham, 1998). Temperature (Max, Min, Current) was recorded at
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8AM and 8PM using analog thermometers. Daily Mean Temperature at Kent Island is calculated

as the mean of the Minimum and Maximum temperatures for each 24-hour period. We used

Mean Temperature to represent daily local air temperatures at Kent Island. To capture each

season’s local temperature at Kent Island, we calculated the mean of the mean monthly

temperatures for June and July of each year.

In some years, Kent Island weather data are incomplete. For those missing values, we

used weather data from Yarmouth, NS (Environment Canada;

http://climate.weather.gc.ca/historical_data/search_historic_data_e.html) to estimate missing

weather data on Kent Island. Yarmouth (43.83°N, -66.09°W; 96 km SSE of Kent Island) is the

nearest coastal weather station for which continuous weather data are available from 1950

onward and for which mean temperature in the summer is highly correlated with Kent Island

temperatures (r = 0.78, RAM). We modeled 56 years of summer Kent Island weather variables as

a function of the corresponding weather variables at Yarmouth. We then used the resulting

regression equations to convert Yarmouth temperatures to the corresponding missing Kent Island

temperatures.

Statistical Analyses

Overview of modeling strategies - We followed a three-step strategy to evaluate the effect of

temperature on reproductive success. We began by identifying an “Intrinsic” model that included

only non-temperature related variables that might reasonably explain variation in reproductive

success. The intrinsic model served as the base on which all further climate models were built

and served as the NULL model against which we compared candidate models that included

climate variables.
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Because constructing all possible models from all possible forms (linear, quadratic, etc.)

of every category of climate variable (Global, Regional/SST, Local/Kent Island) would produce

an unmanageable number of models, we did an initial screening of each category of climate

variable. For each, we constructed an array of expressions of that variable, from which we

selected the most useful representative of that category for explaining storm-petrel reproductive

success. The most useful form of each category was then included in further investigations.

We then constructed models representing all possible combinations of the variables that

passed the initial screening plus the NULL/Intrinsic model. From these combinations, we

compared the utility of each climate variable using an information theoretic approach. Because

breeding experience increases storm-petrel hatching success (Mauck et al., 2012) and other

studies have shown that inexperienced individuals can be more susceptible to temperature

variation than experienced individuals (Oro et al., 2010), we further examined the best model

from the final analysis for possible interactions with fixed effects in our intrinsic model.

Statistical procedures and model selection

We used the lme4 (Bates et al., 2011) package in R (R Core Team, 2015) to construct

generalized linear mixed-effects models (GLMM) for all candidate models. To assess hatching

success (0 or 1), we used the glmer function with a logit link and binomial error term. We

verified the assumptions of hatching success models by assessing over-dispersion using the R

package RVAideMemoire (Hervé, 2017). To detect issues of collinearity, we calculated Variance

Inflation Factors (vif function in lme4) for important models. We used the Effects Package,

version 3.1-2 (Fox & Hong, 2009) to visualize isolated effects within the best models. We used
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normalized values for all climate variables to prevent convergence problems while running

models.

We assessed model utility by evaluating Akaike’s Information Criterion (AIC) and used

sample size correction (AICc) for model selection (Burnham et al., 2002). When calculating the

AICc, the appropriate sample size for statistical evaluations of mixed effects models is not clear

(Maas & Hox, 2005). While there were 25K instances of burrow-years, there were only 6K

birds, 1400 burrows, and 56 years of data. Any of those might have served for the sample size.

However, because burrow characteristics are known to affect reproductive success and are

consistent between years (Fricke et al., 2015), we used number of burrows as a conservative, and

reasonable sample size for AICc calculation. During initial screening, we simply selected the

model in each climate category with the lowest AICc for further consideration in the final

analysis.

When choosing among competing models in the final analysis, we followed (Burnham et

al., 2002). When considering a set of models, we consider the model with the lowest AICc as the

“best” model. Models with a difference in AICc (dAICc) < 2.0 are considered roughly

equivalent. We refer to all models with dAICc < 4.0 of the best model as the set of “top” models,

since 4.0 is often considered the cut-off point for reasonable models (Burnham et al., 2002) .

Akaike model weights (ω) were calculated to rank models. We used the resulting

parameter weights to further delineate between variables of interest and to derive weighted

estimates of model parameters (Burnham et al., 2002) from the set of candidate models. We

calculated weighted parameter estimates using both the zero and the natural method (Grueber et

al., 2011) because we wanted to assess both the effects relative to the importance of all the
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models (zero method) and their effect as reflected only when included in models (natural

method).

Modeling Hatching Success

Determining the intrinsic model

We constructed a full GLMM model that included adult Breeding Experience (BE;

ordinal variable 1, 2, 3+, after Mauck et al., 2012) and Pairbond Length (PBLen; ordinal 1, 2,

3+) as fixed effects. We included Adult_ID as a random effect to account for the effect of

individual quality (Mauck et al., 2004, Mauck et al., 2012). We included Paribond_ID and

Burrow_ID to account for non-independence and variation in the quality of each variable. We

included Year as a categorical random effect to account for unmeasured characteristics of that

year. We examined reduced models containing all combination of the fixed effects, each of which

contained all the random effects. We chose the model with the lowest AICc as our Intrinsic

model. All subsequent climate models included the random and fixed effects represented in the

Intrinsic model.

Initial screening of climate variables

For Global Temperature, we compared the following variables: AGMT, Breeding Season

(May, June, July) Global Mean (BGMT), and 5-Year Average Annual Mean (5yr AGMT). We

examined SST during both breeding and winter seasons. For local temperature, we examined

Kent Island Mean Temperatures during June and July. We examined both linear and quadratic

forms for each temperature scale.
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Final analysis of climate variables

From those variables identified in the initial screening, we constructed all possible

models from that set of variables plus the NULL/Intrinsic model. All models in the analysis

included the fixed and random effects identified in the Intrinsic model in addition to the added

climate variables. By constructing all possible models from the representative local, regional,

and global temperatures, we derived a set of seven models balanced in their representation of

each climate variable. One model contained three temperature variables, three utilized subsets of

two temperature variables, and three models contained only one temperature variable. Each

temperature variable, therefore, appeared in four models.

RESULTS

General

Climate variables

Climate variables measured between 1955 and 2010 were normally distributed as evidenced by

the low values for skew and kurtosis (Table 1). Temperature generally increased with time and

there was some correlation between climate variables (Figure 1; Table 2). Highest among those

was the correlation between local air temperatures on Kent Island (KI) and breeding season SST

temperatures (SSTb). No correlation between temperature categories (local, regional, global)

exceeded 0.8. To check for multi-collinearity issues, we calculated Variance Inflation Factors for

important final models (see below).

Model assumptions
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In every candidate model in every analysis, there was no evidence of over dispersion (0 < Phi < 1

in all cases). We calculated Variance Inflation Factors (VIF) for the top two models in the final

analysis. All VIFs in the best model were under 1.63; in the full model, VIF of Local and SST

were between 2.0-3.0, suggesting some collinearity between those two variables, but within an

acceptable range (O'Brien, 2007).

Intrinsic Model for Hatching Success

The best model of hatching success without reference to temperature, contained Individual_ID,

Burrow, Year and Pairbond_ID as random effects and Breeding Experience as the lone fixed

effect (Table 3). Although the model with BE and PBLen was nearly as useful (dAICc = 1.03),

the effect of PBLen in that model was relatively weak (-0.01 ± 0.01SE HS, Z = -0.80) compared

to the effect of BE (0.15 ± 0.04SE HS, Z = 3.91). We, therefore, used the best model as our

Intrinsic Model. (NOTE: sample size for this step was less than for all other steps because

PBLen was known for only 24,198 burrow-years).

Initial Screening of Temperature Variables

Initial screening– global temperature

The quadratic form of the Annual Global Mean Temperature anomaly was clearly better than all

other forms of Global Temperature. No other forms of the Global Temperature Anomaly had an

AICc less than two from the quadratic form (Table 4). The relative importance of the AGMT was

confirmed by model-averaged parameter weights such that AGMT (0.8) was more than four

times that of BGMT (0.2) and the 5-Year Global Average (0.0) was not useful at all. Thus, the

quadratic form of AGMT represented global temperatures in the final analysis.

Initial screening – sea surface temperatures
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The best model contained only the linear form of breeding season SST (Table 5). Models

containing only SSTb accounted for 0.941 of the cumulative model weights, compared to 0.06 for

SSTw, further reinforcing the selection of breeding season SST as the appropriate indicator of

Regional Temperatures for inclusion in the final analysis.

Initial screening – local (Kent Island) air temperature

The simple linear model of Mean Kent Island temperature was better than the quadratic form

(dAICc = 1.83) (Table 6) and, therefore, was used in the final analysis.

Final Analyses

Final analyses – global, regional SST, local air

The quadratic form of AGMT (Figure 2) was in every top model (i.e., dAICc < 4.0 of the

best model; Table 7), which drove its parameter weight (w) of 1.0 (Table 8). Local Kent Island

temperatures (w = 0.69) had substantial value in explaining hatching success. Summer SST, was

also useful, but less so (w = 0.37). In all, four models were within dAICc = 4.0 of the best model.

The model with AGMT as the lone climatic variable had an effect sufficiently strong to appear in

the top models (dAICc < 4.0). No other model with a single climate variable had a dAICc < 13.

Clearly, Annual Global Mean Temperature is the single most important predictor of reproductive

success in Leach’s storm-petrels over the 56 year span covered by this study.

The full model (Global + Local + SST) was nearly as strong (dAICc = 0.72) as the best

model that contained only AGMT and local Kent Island air temperatures. Effect estimates for

AGMT and Kent Island temperatures were similar in both the full model (Table 9) and the best

model (Table 10).

Examination of the full model fixed effects (Table 9) summarizes the relative

contributions of each of the climate variables in the final analysis. As in every model with AGMT,
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both the linear (Z = 2.31) and quadratic (Z = -3.29) portions of the AGMT were strong,

demonstrating increasing hatching success with temperature followed by a decline after some

threshold was reached (Figure 2). The positive effect of Kent Island temperature was strong (0.29

± 0.14SE HS, Z = 2.12; Figure 3) while the negative effect of SST was not as strong (-0.14 ±

0.12, Z = -1.14; Figure 4).

Regardless of model, the qualitative values of all parameters in the top models were

consistent and were reflected in the model averaged parameter estimates (Table 11). AGMT had

the strongest effect with a significant gain followed by a significant loss after some threshold

temperature is reached. Local Kent Island temperature increases had a positive effect on hatching

success (Figure 3), while increasing summer SST had the opposite effect (Figure 4). In every

model, Breeding Experience had a positive effect on hatching success (Table 11).

Final analyses – interactions

We used the best model (Global + Local [+ Intrinsic]) to further investigate whether

Breeding Experience interacted with temperature. Thus, we constructed three models that

explored different combinations of interactions of Breeding Experience within the best model

(Table 12). We compared all of these to the original best model to see if adding interactions

improved our understanding of climate on hatching success.

The model that included an interaction with AGMT (both quadratic terms) was a clear

improvement over the original best model without interactions (dAICc = 4.78) and somewhat

better than all other models with interactions (Table 12). In this model, the overall effect of

Annual Global Mean Temperature remained strong (Table 13), but the overall effect was such that

hatching success of inexperienced birds increased at a greater rate with warming temperatures

than hatching success of more experienced birds and also decreased at a faster rate once the
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inflection point was reached (Figure 5). In other words, older more experienced birds were more

buffered against the impacts of temperature variation than were younger inexperienced birds.

Post-hoc analyses

Given the quadratic nature of storm-petrel response to AGMT, we wanted to gauge at what

point in time the normalized global temperature crossed the temperature at which reproductive

success declined (0.41; Figure 6). We calculated the least-squares estimate of normalized global

temperature against Years from 1955–2010. We then identified the year at which the least-squares

estimate of AGMT exceeded the tipping point identified in the final analysis. That year was 1988.

DISCUSSION

The quadratic form of the Annual Global Mean Temperature is the single most important

predictor of hatching success in Leach’s storm-petrels over the 56 years covered in this study.

The future is not bright for this marine vertebrate breeding in the Bay of Fundy, as hatching

success increased with AGMT only up to a point— 0.41 normalized °C, reached in 1988—

beyond which hatching success declined as AGMT continued to rise. Since 1988, AGMT dipped

below that value only eight times and it has exceeded that value every year since 2001.

Projections vary for AGMT (IPCC, 2014), but no projection has AGMT dropping below this

apparent critical temperature for Leach’s storm-petrels in any foreseeable future.

Comparing across analyses, every model that included AGMT was far stronger than any

model without AGMT. Alone, it explains most of the temperature-based variation in reproductive

success of these marine vertebrates from 1955 to 2010. Although local and regional temperatures,

when combined with AGMT, helped explain variation in hatching success, only AGMT
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consistently had Z values exceeding |2.0| in every model. The model with AGMT as the only

climate predictor was nearly as useful (dAICc = 1.22) as the best model which contained both

AGMT and local air temperature during the breeding season; models containing only local

temperature or regional temperature were of relatively little utility (dAICc > 13) compared to any

model of storm-petrel reproductive success that contained AGMT. The dominance of AGMT also

was reflected in the parameter weights and the model averaged parameters. Although AGMT

alone explained most of the variation in climate-related variation in hatching success, local air

temperatures and SST did have appreciable effects. In fact, two models without AGMT (Local;

Local + SST) demonstrated an effect of warming temperatures (i.e., AICintrinsic – AIClocal > 10) on

storm-petrel reproduction. Local air temperatures at Kent Island showed a consistently positive

correlation with Hatching Success, whereas SST showed a weak negative effect. In the set of top

models, local air temperatures consistently showed a strong positive effect. Every model that

included local air temperature strongly improved on the Intrinsic/NULL model that accounted

solely for intrinsic effects such as burrow quality, individual quality, and breeding experience, but

the same was not true for SST. Although the effect of SST was generally negative, in no

individual model did SST show a strong effect (|Z| > 2.0) on hatching success.

Annual Global Mean Temperature is a combination of air and sea temperatures and,

therefore integrates the two, perhaps encapsulating the conflicting effects of each on seabird

reproductive success in the mid- to high-latitudes. It may be that the strong positive local effect of

rising temperature initially outweighs any negative effects of regional SST or other unmeasured

factors. At some point, local benefits are outweighed by the accumulating more general negative

effects. This dynamic is best captured by the quadratic form of AGMT than by either local air

temperatures or regional sea temperatures, or both in combination.
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The role of air temperature on seabird survival and reproduction has been studied

primarily with regard to temperature’s effect on the extent of sea ice and the thereby on prey

quality and abundance (Sydeman et al., 2012, Sydeman et al., 2015). More direct consequences

of warming air temperatures are not well understood; both warmer (Sherley et al., 2012) and

cooler (Boersma & Rebstock, 2014) temperatures have been linked to negative effects on adult

seabirds and growing chicks (rev. in Sydeman et al., 2012), as well as on pinniped pups

(McDonald et al., 2012). In the case of Leach’s storm-petrels, the positive effect of local air

temperature on hatching success is probably a function of breeding in northern latitudes where

warmer local air temperatures should reduce thermoregulatory costs for incubating adults.

During incubation bouts, adult Leach’s storm-petrels spend extended periods of time

fasting while incubating a single large egg in an underground burrow (Huntington et al., 1996).

Burrow temperatures are well below the thermo-neutral zone for storm-petrels (Ochoa-Acuña &

Montevecchi, 2002) and highly correlated with outside air temperature (O'Connell et al., 2013).

Conway and Martin (2000) characterized avian incubation as a trade-off between the energetic

demands of the parent and the thermal needs of the embryo. As local air temperatures increase,

thermoregulatory costs to incubating adults decrease. Even small changes in the thermal

environment of the nesting burrow may have large accumulated effects on incubating adults over

a 44-day incubation period. Thus, it is not surprising that the direct effect of local air temperature

within the context of AGMT should be strongly positive.

The effect of increasing SST was not as clear or as strong as the positive effect of local air

temperature. Over the last 40 years, the net increase in SST in the Gulf of Maine, a primary

foraging ground for storm-petrels breeding at Kent Island, is consistent with the global mean rate

of SST warming (Balch et al., 2012). Variation in Gulf of Maine SST has been linked to changes
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in seabird populations through changes in food availability and food quality (Diamond & Devlin,

2003) paralleled by marked changes in fisheries (Pershing et al., 2015). Given these conditions, a

negative effect of SST on storm-petrel reproductive success was expected. However, the response

was much weaker than seen in other seabird studies (rev. in Sydeman et al., 2015), perhaps

because it is somewhat masked by its correlation with both local air temperatures and global

temperatures.

Seabird populations are conducive to following known individuals over many years, and

thus our work with storm-petrels joins previous work on blue-footed boobies Sula nebouxii (Oro

et al., 2010) and black-browed albatrosses Thalassarche melanophris (Nevoux et al., 2010) in

finding that climate change is more likely to affect inexperienced breeders than experienced

breeders. In our study, the quadratic effect of AGMT is present in all age classes, but hatching

success of inexperienced storm-petrels increases more rapidly than does that of experienced

breeders, then declines more rapidly than that of experienced birds. It may be that the positive

effect of warming local air temperature is a simple matter of physiology affecting all ages equally,

but foraging ability increases with experience. Thus, with rising temperatures, inexperienced

breeders may have difficulty finding food, but are compensated by lower metabolic costs while on

the egg. Experienced foragers might have less need of the compensation if they arrive back at the

nest with greater energetic reserves than do inexperienced individuals. The role of breeding

experience in the Intrinsic model was anticipated based on prior work in this population (Mauck

et al., 2012), however, the interaction of breeding experience with AGMT further demonstrates

the demographic complexity of responses to our changing climate.

Annual Global Mean Temperature, a metric appealing in its simplicity, is clearly the best

predictor of storm-petrel response to our changing climate. Climate is more complex than simple
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temperature (Harley et al., 2006), but temperatures are good indices of the complex changes in

climate (Braganza et al., 2004). At least in the case of Leach’s storm-petrels breeding in the

western North Atlantic, Annual Global Mean Temperature best captures the complexity faced by

these seabirds over a half century of climate change.
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TABLES

Table 1. Distribution of raw values for climate variables used in analyses. AGMT = Annual

Global Mean Temperature (°C relative to reference value), BGMT = Breeding Season (May, June,

July) Global Mean Temperature (°C relative to reference value), SSTb = Breeding Season Sea

Surface Temperatures (°C), SSTw = Winter (December, January, February) Sea Surface

Temperatures (°C), Local = Mean air Temperature (°C) at Kent Island. N = 56 years.

Var mean sd min max skew kurtosis
AGMT 0.3 0.3 -0.2 0.7 0.2 -1.2
BGMT 0.2 0.2 -0.2 0.7 0.3 -1.1
SSTb 13.1 0.7 11.4 14.7 -0.2 -0.1
SSTw 26.0 0.3 25.5 26.7 0.2 -0.5
Local 13.1 0.7 11.2 14.4 -0.3 -0.3
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Table 2. Correlation among climate variables that served as a basis for the initial screening of

variables across N = 56 years.

Variable
AGM

T
BGM

T SSTsu SSTw
BGMT 0.99
SSTb 0.43 0.44
SSTw 0.53 0.52 0.07
Local 0.68 0.69 0.76 0.28
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Table 3. Intrinsic candidate models. Models of Hatching Success without climate variables.

Model = fixed effects in the model. BE = breeding experience (years), PBLen = pairbond length

(years), NULL = no fixed effects. #Par = parameters in model equal to fixed effects + intercept +

random effects (Year, Individual ID, Pairbond ID, Burrow ID). AIC = Akaike’s Information

Criterion. AICc = AIC adjusted for sample size. dAICc = difference between model AICc and the

lowest AICc among all candidate models. w = Akaike weight. Cum Rank = the accumulated

model weight within the model set. Observations = 24,198, Individuals = 5287, Pairs = 4430;

Burrows = 1278; Years = 56. Bold denotes fixed effects retained in the Intrinsic model.

Model #Par AIC AICc dAICc w Cum Rank
BE 5 19800 19800.11 0.00 0.625 0.625
PBLen + BE 6 19801 19801.13 1.03 0.374 0.998
NULL 4 19813 19813.08 12.98 0.001 0.999
PBLen 5 19814 19814.11 14.00 0.001 1.000
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Table 4. Hatching success models with variations on Global Temperature. Model =

climate-related fixed effects in the model. AGMT = Annual Global Mean Temperature, BGMT =

Breeding Season (May, June, July) Global Mean Temperature , 5-Yr AGMT = running 5-year

average of AGMT. #Par = parameters in model equal to climate-related fixed effects + breeding

experience (fixed effect) + random effects (Year, Individual ID, Pairbond ID, Burrow ID). AIC =

Akaike’s Information Criterion. AICc = AIC adjusted for sample size. dAICc = difference

between model AICc and the lowest AICc among all candidate models. w = Akaike weight. Cum

Rank = the accumulated model weight within the model set. Observations = 25,879, Individuals =

5855, Pairs = 5357; Burrows = 1435; Years = 56. Bold denotes fixed effects represented by the

variable AGMT in the final analyses.

Model #Par AIC AICc dAIC w Cum Rank
AGMT + AGMT2 7 22002.2 22002.33 0.00 0.800 0.800
BGMT + BGMT2 7 22005.0 22005.15 2.82 0.195 0.995
BGMT 6 22014.2 22014.29 11.95 0.002 0.998
AGMT 6 22015.1 22015.16 12.82 0.001 0.999
5-Yr AGMT 6 22015.3 22015.45 13.12 0.001 1.000
5-Yr AGMT + 5-Yr2 7 22023.3 22023.45 21.11 0.000 1.000
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Table 5. Hatching Success Models with variations on Regional Sea Surface Temperatures. Model

= climate-related fixed effects in the model. SSTb = Breeding Season Sea Surface Temperatures,

SSTw = Winter (December, January, February) Sea Surface Temperatures. #Par = parameters in

model equal to fixed effects + breeding experience (fixed effect) + random effects (Year,

Individual ID, Pairbond ID, Burrow ID). AIC = Akaike’s Information Criterion. AICc = AIC

adjusted for sample size. dAICc = difference between model AICc and the lowest AICc among all

candidate models. w = Akaike weight. Cum Rank = the accumulated model weight within the

model set. Observations = 25,879, Individuals = 5855, Pairs = 5357; Burrows = 1435; Years = 56.

Bold denotes fixed effects represented by the variable S in the final analyses.

Model #Par AIC AICc dAICc w Cum Rank
SSTb 6 22023.6 22023.71 0.00 0.652 0.652
SSTb+ SSTb

2 7 22025.2 22025.33 1.63 0.289 0.941
SSTw 6 22029.1 22029.21 5.50 0.042 0.982
SSTw+ SSTw

2 7 22030.8 22030.93 7.23 0.018 1.000
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Table 6. Hatching Success Models with variations on Local Air Temperatures at Kent Island.

Model = climate-related fixed effects in the model. KI = Mean daily air temperature on Kent

Island during the incubation season (June, July). #Par = parameters in model equal to fixed effects

+ breeding experience (fixed effect) + random effects (Year, Individual ID, Pairbond ID, Burrow

ID). AIC = Akaike’s Information Criterion. AICc = AIC adjusted for sample size. dAICc =

difference between model AICc and the lowest AICc among all candidate models. w = Akaike

weight. Cum Rank = the accumulated model weight within the model set. Observations = 25,879,

Individuals = 5855, Pairs = 5357, Burrows = 1435; Years = 56. Bold denotes fixed effects

represented by the variable L in the final analyses.

Model #Par AIC AICc dAICc w Cum Rank
KI 6 22014.8 22014.91 0.00 0.714 0.714
KI + KI2 7 22016.6 22016.73 1.83 0.286 1.000
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Table 7. Hatching Success Models in the final analysis representing all possible combinations of

the variables derived from the initial analyses of temperature variables. Model = climate-related

fixed effects in the model. Global = Annual Mean Global Temperature quadratic form (i.e.,

Global stands for Global + Global2), SST = Breeding Season Sea Surface Temperature, Local =

Kent Island Mean Daily Air Temperature during the breeding season. #Par = parameters in model

equal to fixed effects + age + random effects (Year, Individual ID, Pairbond ID, Burrow ID). AIC

= Akaike’s Information Criterion. AICc = AIC adjusted for sample size. dAICc = difference

between model AICc and the lowest AICc among all candidate models. w = Akaike weight. Cum

Rank = the accumulated model weight within the model set. Observations = 25,879, Individuals =

5855, Pairs = 5357; Burrows = 1435; Years = 56.

Model #Par AIC AICc dAIC w Cum Rank
Global + Local 8 22001.0 22001.11 0.00 0.408 0.408
Global + Local
+ SST 9 22001.6 22001.83 0.72 0.284 0.692
Global 7 22002.2 22002.33 1.22 0.221 0.913
Global + SST 8 22004.1 22004.21 3.10 0.087 0.999
Local 6 22014.9 22014.96 13.84 0.000 1.000
Local + SST 7 22016.5 22016.61 15.50 0.000 1.000
SST 6 22023.9 22024.01 22.89 0.000 1.000
Intrinsic 5 22026.8 22026.92 25.81 0.000 1.000
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Table 8. Parameter Weights for each category of climate variable in the final analysis. Global =

Global Temperature, SST = Breeding Season Sea Surface Temperature, Local = Mean Daily

Kent Island Air Temperature. Parameter weight is calculated after Burnham and Anderson

(2002) and reflects the relative value of every model in which that parameter appears in the

candidate models (from Table 7).

Variable Wt.
Global 1.00
Local 0.69
SST 0.37
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Table 9. Fixed effects for the Full model in the final analysis. BE = Breeding Experience, Global

= Global Temperature, SST = Breeding Season Sea Surface Temperature, Local = Mean Daily

Kent Island Air Temperature.

Estimate SE Z
(Intercept) 2.03 0.16 12.81
BE 0.13 0.03 3.70
Local 0.29 0.14 2.12
SST -0.14 0.12 -1.14
Global 0.29 0.12 2.51
Global 2 -0.37 0.09 -3.94
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Table 10. Fixed effects for the best model in the final analysis. BE = Breeding Experience,

Global = Global Temperature, Local = Mean Daily Kent Island Air Temperature.

Effect Estimate SE Z
(Intercept) 2.02 0.16 12.76
BE 0.13 0.03 3.71
Local 0.18 0.10 1.83
Global 0.31 0.12 2.63
Global 2 -0.35 0.09 -3.79
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Table 11. Model averaged parameter estimates. Method for estimation is in parentheses.

BE
Globa

l
Global

2
Loca

l SST
Mean
(ZERO)

0.12
9 0.340 -0.356

0.15
5

-0.03
6

SE
0.00

7 0.090 0.057
0.07

8 0.121

Mean (NAT)
0.12

9
0.340 -0.356 0.50

5
-0.09

6

SE
0.00

8 0.016 0.021
0.00

4 0.021
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Table 12. Best Hatching Success Model with all possible interactions between climate variable

and the fixed effect of Breeding Experience. Interactors = variables interacting with Breeding

Experience. Global = Annual Mean Global Temperature Anomaly quadratic form (i.e., Global

stands for Global + Global2), Local = Kent Island Mean Daily Air Temperature during the

breeding season. #Par = parameters in model equal to fixed effects + age + random effects (Year,

Individual ID, Pairbond ID, Burrow ID). AIC = Akaike’s Information Criterion. AICc = AIC

adjusted for sample size. dAICc = difference between model AICc and the lowest AICc among

all candidate models. w = Akaike weight. Cum Rank = the accumulated model weight within the

model set. Observations = 25,879, Individuals = 5855, Pairs = 5357; Burrows = 1435; Years =

56.

Interactors #Par AIC AICc dAIC w Cum Rank
Global 10 21996.1 21996.33 0.00 0.515 0.515
Global + Local 11 21997.4 21997.67 1.34 0.264 0.778
Local 9 21998.3 21998.49 2.16 0.174 0.953
Full w/o interactions 8 22001.0 22001.11 4.78 0.047 1.000
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Table 13. Summary of fixed effects for best model of Hatching Success with interactions. BE =

Breeding Experience, Global = Global Temperature Anomaly, Local = Kent Island Temperature.

Estimat
e SE Z

(Intercept)
2.14

0.1
7

12.3
8

BE
0.07

0.0
5  1.63

Local
0.18

0.1
0 1.90

Global
0.52

0.1
5 3.55

Global2

-0.50
0.1

4 -3.66
BE*Global

-0.10
0.0

4 -2.49
BE*Global
2 0.08

0.0
4 1.80
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FIGURE CAPTIONS

Figure 1. Raw values for base climate variables from 1955-2010. a = Annual Mean Global

Temperature (°C relative to reference value). b = Sea Surface Temperature (°C) during the

breeding season in the Gulf of Maine/Georges Banks. c = Local (Kent Island) air temperatures

(°C) during May, June, and July.

Figure 2. The adjusted Effect of Annual Global Mean Temperature on Hatching Success on Kent

Island from 1955– 2010. The solid line represents the adjusted effect of Global Temperature

from the Full Model. The shaded area represents the 95% confidence interval of the estimate.

Global Temperatures are normalized. Hatching success is on the logit scale. Tick marks above

the x-axis denote values represented during the period of study.

Figure 3. The adjusted Effect of Local (Kent Island) Air Temperature on Hatching Success on

Kent Island from 1955–2010. Based on the Full Model. Temperatures are normalized. Hatching

success is on the logit scale. The solid line represents the adjusted effect of Local Air

Temperature from the Full Model. The shaded area represents the 95% confidence interval of the

estimate. Tick marks above the x-axis denote values represented during the period of study.

Figure 4. The adjusted Effect of Sea Surface Temperature in the Gulf of Maine/ Georges Banks

during the incubation period (May, June, July) from 1955– 2010. Based on the Full Model. Sea

Surface Temperatures are normalized. Hatching success is on the logit scale. The solid line

represents the adjusted effect of SST from the Full Model. The shaded area represents the 95%
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confidence interval of the estimate. Tick marks above the x-axis denote values represented

during the period of study.

Figure 5. Interaction of Breeding Experience and Annual Global Mean Temperature on Hatching

Success on Kent Island from 1955– 2010. Three age classes after Mauck et al. (2012) that

increase from left to right. a = individuals in their first year of breeding on Kent Island. b = all

individuals in their second year of breeding on Kent Island. c = all individuals with three or more

years of breeding experience. Global Temperature values are normalized. Hatching success is on

the logit scale. Tick marks above the x-axis denote values represented during the period of study.

The solid lines represent adjusted effect of Global Temperature from the best interaction model

(Tables 12, 13). The shaded area represents the 95% confidence interval of the estimates.

Figure 6. The Tipping Point. a) Normalized AGMT at which hatching success begins to decline

(0.41). b) Dashed line represents the least-squares relationship between AGMT and Year

(1955–2010). The year (1988) at which the least squares line crossed 0.41.
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