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Abstract

Few studies have quantitatively projected changes in demography in response to climate change, yet doing so can

provide important insights into the processes that may lead to population declines and changes in species distribu-

tions. Using a long-term mark-recapture data set, we examined the influence of multiple direct and indirect effects of

weather on adult and juvenile survival for a population of Song Sparrows (Melospiza melodia) in California. We found

evidence for a positive, direct effect of winter temperature on adult survival, and a positive, indirect effect of prior

rainy season precipitation on juvenile survival, which was consistent with an effect of precipitation on food availabil-

ity during the breeding season. We used these relationships, and climate projections of significantly warmer and

slightly drier winter weather by the year 2100, to project a significant increase in mean adult survival (12–17%) and a

slight decrease in mean juvenile survival (4–6%) under the B1 and A2 climate change scenarios. Together with results

from previous studies on seasonal fecundity and postfledging survival in this population, we integrated these results

in a population model and projected increases in the population growth rate under both climate change scenarios.

Our results underscore the importance of considering multiple, direct, and indirect effects of weather throughout the

annual cycle, as well as differences in the responses of each life stage to climate change. Projecting demographic

responses to climate change can identify not only how populations will be affected by climate change but also indi-

cate the demographic process(es) and specific mechanisms that may be responsible. This information can, in turn,

inform climate change adaptation plans, help prioritize future research, and identify where limited conservation

resources will be most effectively and efficiently spent.

Keywords: California, climate change, direct and indirect effects, juvenile survival, mark-recapture, Palomarin, weather

Received 3 July 2012 and accepted 21 March 2013

Introduction

The projected effects of climate change on wildlife pop-

ulations are frequently in the form of changes in

species’ distributions, which have included dramatic

shifts and contractions in species’ ranges (e.g., Thomas

et al., 2004; Stralberg et al., 2009). These studies suggest

that many local populations will decline as range limits

retreat, but they reveal little about the processes that

may produce these declines and range shifts. Deeper

insight may be obtained by projecting the effects of

climate change on demographic rates (McLaughlin &

Zavaleta, 2012; Peery et al., 2012). Yet, despite a long

history of examining the role of weather in regulating

populations (Andrewartha & Birch, 1954), and the

effects of weather on survival (Grosbois et al., 2008),

only a small number of studies have quantitatively

projected changes in demography in response to

climate change (Jenouvrier et al., 2009; Wolf et al., 2010;

Barbraud et al., 2011).

Thus far, efforts to project the effects of climate change

on demographic rates and population growth have

generally been limited to the effects a single, over-

whelmingly important weather factor. These include

the effects of sea surface temperatures or sea ice extent

on polar species (e.g., Jenouvrier et al., 2009; Hunter

et al., 2010; Barbraud et al., 2011), and the effects of pre-

cipitation on organisms in arid environments (e.g., Tews

& Jeltsch, 2004; Altwegg & Anderson, 2009; Jonz�en et al.,

2010). However, in most climatic regions, there are

likely to be multiple effects of weather on survival

throughout the annual cycle (Sillett et al., 2000; Robin-

son et al., 2007), including both direct and indirect

effects (McCarty, 2001; Stenseth et al., 2002). Further-

more, the magnitude and direction of these effects may
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vary by life stage, each of which will contribute to varia-

tion in the population growth rate to varying degrees

(Sæther, 1997; Gaillard et al., 1998; Coulson et al., 2001;

Altwegg et al., 2005; van de Pol et al., 2010). Therefore,

in most climatic regions, studies that focus only on the

effects of a single weather factor or on a single life stage

will result in an incomplete understanding of the influ-

ence of climate change on the population as a whole

(�Adahl et al., 2006; Seavy et al., 2008; Rogers et al., 2011;

McLaughlin & Zavaleta, 2012).

We projected the demographic effects of climate

change on a population of Song Sparrows (Melospiza

melodia) in central coastal California for the climatic

conditions expected by the year 2100 under two climate

change scenarios. Our objectives were to: (i) examine

the relative importance of direct and indirect effects of

weather on adult and juvenile survival, complementing

earlier work on the effects of weather on seasonal

fecundity (Chase et al., 2005); (ii) project the effects of

climate change on survival in each age class and on sea-

sonal fecundity; and (iii) project the consequences of

changes in these demographic rates for the population’s

growth rate.

Materials and methods

Study site, species, and data collection

Our study was conducted at the Palomarin Field Station,

located in the Point Reyes National Seashore, 20 km north of

San Francisco, California (37°56′N, 122°45′W). The climate is

Mediterranean, typically with cool, rainy winters and warm,

dry summers. Total precipitation and high and low tempera-

tures are collected on-site daily. The habitat in the 36 ha study

area consists of coastal scrub with an increasing abundance

and density of Douglas fir (Pseudotsuga menziesii), which has

coincided with a steady decline in the density of Song Spar-

row breeding territories since 1980 (Chase et al., 2005). Song

Sparrows are a common passerine found throughout North

America, and the local population (Melospiza melodia gouldii) is

nonmigratory (Arcese et al., 2002). Year-round constant-effort

mist-netting began in 1979, and all Song Sparrows captured in

mist-nets are given a unique combination of colored leg bands

(DeSante & Geupel, 1987). Since 1980, the entire study area

has been intensively searched for color-banded individuals,

breeding territories, and nests, and all nests are monitored to

determine their success or failure in fledging young (Geupel &

DeSante, 1990; Chase et al., 2005). Further details about the

study area, flora, and field methods have been described else-

where (Nur et al., 2004; Jennings et al., 2009).

Annual adult and juvenile survival

We modeled the annual survival of juvenile and adult Song

Sparrows using R 2.15.1 with the package RMark 2.1.1 to write

Cormack-Jolly-Seber models for Program MARK 6.1 (Lebreton

et al., 1992; White & Burnham, 1999; Laake, 2013; R Core

Development Team, 2012). We defined each year as beginning

1 April, early in the breeding season, and ending 31 March of

the following calendar year, and we considered all birds to be

juveniles (J) from fledging until 1 April of the following year,

when they became adults (A). We constructed annual encoun-

ter histories for all individuals captured in the mist-nets as

juveniles between 1979 and 2011, and included all subsequent

mist-net captures and encounters of color-banded individuals

in the study area.

We initially modeled apparent survival (/) and recapture

(P) probabilities solely in terms of fixed effects of age class

(J or A) and year (t) to establish a baseline model structure.

We tested the fit of the general model, / (Jt + At) P (t),

with full year-dependent survival for each age class and

year-dependent recapture probabilities using U-CARE 2.3.2

(Choquet et al., 2009). There was evidence for trap-

dependence, so we allowed recapture probability to vary by

year and time since marking (m), grouped by 1 or 2+ years

after initial capture. We used the median-ĉ method imple-

mented in Program MARK 6.1 to estimate overdispersion

in the new general model, / (Jt + At) P(mt), which was esti-

mated to be low (ĉ = 1.09). Adjusting for overdispersion

had no effect on model-selection results, and we present

unadjusted results below.

We defined two additional survival models, each

constraining one of the age classes to have constant survival

probability. We also defined two additional recapture models,

with constant or time-varying survival. We fit all nine combi-

nations of the three survival and three recapture models to

the mark-recapture data, and used the model-selection results

to calculate model-averaged survival rates for each age class

in each year. The model with the most support, which

included effects of year on adult and juvenile survival and on

recapture probability, hereafter Reft, became the primary

reference model to which we compared models including

effects of the candidate weather and density variables (Gros-

bois et al., 2008). We also refer to the nested models, RefJ and

RefA, each of which constrained survival in one age class to

be constant.

Weather and density variables

We defined four hypotheses for the effects of population

density and the direct and indirect effects of weather on

survival rates (summarized in Table 1). First, we considered

direct effects of weather as weather conditions that induce

immediate physiological stress and contribute to mortality

(McCarty, 2001; Stenseth et al., 2002). We hypothesized direct

effects of heat (H1), which was measured as the average of the

daily high and low temperatures during the summer (June–

August), and winter weather (H2), which was measured as

the combination of average temperature during the winter

(December–February) and total precipitation during the

winter rainy season (October–March). Extended periods of

heat are known to cause physiological stress and mortality in

birds and mammals (Welbergen et al., 2008; McKechnie &

Wolf, 2010), and winter is frequently expected to be the season

of highest adult mortality in passerines (Lack, 1954; Newton,
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1998). Therefore, we expected survival to be lower in years

with relatively hot summers or cold, wet winters.

The indirect effects of weather on survival include the

effects of weather on competitors, predators, parasites, and

prey, and may include time lags (Stenseth et al., 2002). In the

Mediterranean climate of central coastal California, primary

and secondary productivity is characteristically limited by

water availability (Roy et al., 1995). Wet winters generally

benefit subsequent plant growth and insect populations,

which can, in turn, provide increased cover and food

resources for birds throughout the following spring and sum-

mer (Bale et al., 2002; Bolger et al., 2005; Kreyling, 2010). In

addition, cold, wet winters may negatively affect the survival

of Song Sparrow predators, reducing predation risk during

the following year. Nest success rates in this population were

also higher following wet years, further suggesting increased

resources and/or reduced predation risk (Chase et al., 2005).

Therefore, we hypothesized an indirect, time-lagged effect of

weather during the previous winter on survival rates (H3).

Finally, we also examined support for density-dependent

survival (H4). We measured population density in terms of

the number of Song Sparrow territories in the study area each

breeding season. However, because the territory density has

been steadily declining as the habitat has changed, we

examined an effect of territory density relative to this declin-

ing trend, calculated as the residuals between the number of

territories observed and the number predicted from the trend.

We considered effects of all four hypotheses on both adult

and juvenile survival. However, across taxa, juvenile survival

is often reported to be more variable and more sensitive to

environmental conditions than adult survival (Gaillard et al.,

1998; Portier et al., 1998; Altwegg et al., 2005; Oro et al., 2010).

Adult survival often contributes more than juvenile survival

to variation in population growth, so this relative lack of adult

sensitivity to environmental variability helps limit variation in

adult survival and subsequently population growth (Sæther &

Bakke, 2000; Gaillard & Yoccoz, 2003; Forcada et al., 2008).

Moreover, from a behavioral perspective, adults may have the

necessary experience and skill to compensate for variation in

environmental conditions such as food availability or preda-

tion risk, experience and skill juveniles have not yet acquired

(Marchetti & Price, 1989; Weathers & Sullivan, 1989). Conse-

quently, we expected juvenile survival to be more strongly

affected by variation in population density and weather,

particularly the indirect effects of weather on food availability

or predation risk (Adams et al., 2006; Schmidt et al., 2008),

whereas we expected adult survival to be affected primarily

by the direct effects of extreme conditions.

We calculated the Pearson’s correlation coefficient (r)

among all the variables under consideration to identify any

evidence of multicollinearity, and conducted a regression

analysis to identify any linear or quadratic trends in each of

the variables (reported below). To allow for comparisons

between the estimated effect sizes of each variable on survival,

we standardized all of the variables to have a mean of 0 and a

SD of 1. Because daily high and/or low temperature data were

missing for more than 20 days in five of the summer seasons

and four of the winter seasons, we used 0 as the average tem-

perature during these seasons (equivalent to the standardized

mean). We took this approach because Program MARK does

not allow missing values, and because it should result in

conservative estimates of the effect of each variable on

survival. However, we also checked the sensitivity of our

results to these missing values by recalculating our results

using values of +2, +1, �1, or �2 for the missing values (equiv-

alent to 1 or 2 SDs above or below the mean). For both adults

and juveniles, varying these missing values had no effect on

which hypothesis had the most support, and there were no

differences in the estimated effect sizes of each weather

variable in the top models (Fig. S1). Because 95% of the miss-

ing weather values will fall between �2 and +2 SDs, we are

confident that these missing values did not affect our results.

Effects of weather and density on survival

We modeled the effects of each of the weather and density

variables to determine how well each hypothesis accounted

for the annual variation in adult or juvenile survival that was

Table 1 Hypotheses for the effects of density and the direct and indirect effects of weather on adult and juvenile survival rates

Hypotheses Representative variables Notation

Direct effects of weather

H1. Heat Summer (June–August) average temperature Summer Temp

H2. Winter weather Winter (December–February) average temperature

and rainy season (October–March) precipitation

Winter Temp + Rain

Indirect effects of weather

H3. Prior winter weather (on food

availability and predation risk)

Prior winter (December–February) average

temperature and prior rainy season

(October–March) precipitation

Wintert�1 Temp + Rain

Population density

H4. Relative territory density Residuals of the annual breeding territory

count from a declining trend

Density

The set of models representing each hypothesis included the linear and quadratic effects of each variable on either adult or juvenile

survival. For the indirect effects of prior winter weather, we use the subscript t�1 to indicate the use of temperature and precipita-

tion values from the previous survival year. All other models used temperature, precipitation, and density values from the same

survival year (1 April–31 March).
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estimated by Reft, the primary reference model that included

effects of year on survival. Thus, for each age class, we com-

pared the fit of Reft with models that replaced the fixed effect

of year with an effect of one of the hypotheses, in essence,

adding linear or quadratic fixed effects of each variable to the

respective baseline reference models (RefJ or RefA). We then

calculated the fraction of the variation in annual juvenile or

adult survival accounted for by each variable (R2
Dev) as the

difference between the model deviances of the baseline refer-

ence model and the model including the variable, in propor-

tion to the difference between the model deviances of the

baseline reference model and Reft, the most general model

(Skalski, 1996; Grosbois et al., 2008). We considered variables

in models with R2
Dev > 0.20 to have support (Grosbois et al.,

2008).

To check for the presence of spurious correlations between

weather variables and survival due solely to similar trends in

each, we re-examined the effects of weather variables with sig-

nificant linear or quadratic trends by first identifying whether

there was support for a similar trend in survival, and then

including the detrended weather variable in a model that also

accounted for the trend in survival (Grosbois et al., 2008). This

approach allowed us to determine whether an effect of the

detrended weather variable on survival was still supported, as

well as how much of the variation around the trend in sur-

vival was accounted for by the variation around the trend in

the weather variable.

Finally, as a result of modeling the effects of each hypothesis

separately for adults and juveniles, we identified different

weather variables as having strong effects on each age class.

This suggests either that the variables had different effects on

each age class, or that the effects were similar, but there was

more uncertainty in the effect on one of the age classes. To help

distinguish between these possibilities, we compared the fit of

two final models that combined the effects of all of the sup-

ported variables. The first model allowed effects of each vari-

able to vary by age class, and the second model constrained the

effect of each variable to be the same for each age class.

Seasonal fecundity and postfledging survival

To complete the parameterization of a population model

(described below), we drew on previous studies at Palomarin

that have examined seasonal fecundity and postfledging sur-

vival in this population of Song Sparrows. Chase et al. (2005)

reported a strong, positive relationship between precipitation

during the previous bioyear (July–June) and seasonal fecun-

dity (total fledglings produced per female per breeding

season; their Fig. 3; b = 0.013 � 0.0049 fledglings cm�1).

Because most of the bioyear precipitation falls during the

rainy season (October–March), and to match the variables we

used in the survival analysis, we recalculated the relationship

to reflect the effect of prior rainy season precipitation (Octo-

ber–March) on seasonal fecundity. We also divided seasonal

fecundity in half, to reflect the number of females fledglings

produced per female, assuming a 50 : 50 sex ratio.

We also considered juvenile survival during the postfledg-

ing stage, when juveniles are dependent on parental care and

are extremely vulnerable to predation. Dybala et al. (2013)

examined the survival of dependent fledglings in Song Spar-

rows at Palomarin, and found that survival during the first

3 weeks after fledging averaged 0.53 (95% CI: 0.49–0.57).

However, our estimates of annual juvenile survival are based

on individuals captured in mist-nets, most of whom are likely

to be independent and to have already survived this stage

(Johnson & Geupel, 1996; Gardali et al., 2003). Consequently,

our estimates of juvenile survival likely do not account for

postfledging survival and may be overestimated. Because

Dybala et al. (2013) also found no effect of weather on

postfledging survival, we incorporated the mean postfledging

survival rate into the population model.

Projecting survival, fecundity, and population growth
under future climate conditions

We obtained recent climate change projections for Northern

California through the year 2100 using the NOAA Geophysi-

cal Fluid Dynamics Laboratory CM2.1 (GFDL) climate model

and based on the B1 (low emissions) and A2 (medium-high

emissions) scenarios as defined by the Intergovernmental

Panel on Climate Change (IPCC, 2007; Cayan et al., 2008).

Using the top model describing the effects of weather on adult

or juvenile survival, we calculated the expected mean adult

and juvenile survival rates (/A and / J, respectively) over a

range of values for each weather variable, including the values

projected under each climate change scenario. Similarly, we

used the relationship between prior rainy season precipitation

and seasonal fecundity to calculate the expected mean

seasonal fecundity (F) over a range of precipitation values.

We used the projected survival and fecundity rates, along

with the mean postfledging survival rate (/PF), to parameterize

a simple two age-class population model, based on the model

described by Donovan & Thompson (2001), in which nJ,t
and nA,t represent the number of juveniles and adults in the

population at time t, respectively, and nJ,t + 1 and nA,t + 1 repre-

sent the same at time t + 1:

nJ;tþ1

nA;tþ1

� �
¼ F/PF F/PF

/J /A

� �
� nJ;t

nA;t

� �

We used this population model to calculate the expected

deterministic population growth rate (k) under the current

mean climatic conditions, as well as for the future mean condi-

tions under both the B1 and A2 climate change scenarios. We

used a parametric bootstrap procedure with 10 000 replicates

to calculate 95% bootstrap intervals for k under each scenario,

drawing ln-transformed fecundity and logit-transformed

survival parameters from normal distributions with their

respective means and standard deviations, back-transforming,

and calculating k. Because there is uncertainty in the climate

projections themselves, particularly in projections of precipita-

tion (Dettinger, 2005), we also calculated the expected k over a

range of temperature and precipitation values, to explore the

effects of a range of climatic conditions on population growth

(Seavy et al., 2008). Our estimates of k are likely to be underes-

timated because our estimates of survival incorporate emigra-

tion (Lebreton et al., 1992), and we do not have estimates of
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immigration to include in the model. However, if we assume

no strong effect of weather on the immigration rate, the direc-

tion of the projected change in k will still be informative.

Results

Annual adult and juvenile survival

The data set for the survival analysis included 3027

individuals captured as juveniles between 1979 and

2011. A total of 846 (28%) were recaptured in at least

one subsequent year, with individual cohort recapture

rates ranging from 2.6 to 90.3%. The most general

model (Reft) had strong support (Akaike weight =
0.960), indicating considerable annual variation in both

adult and juvenile survival (Table 2a). Model-averaged

annual juvenile survival rates ranged from a high in

1980 of 0.51 (95% CI: 0.41–0.61) to a low in 1990 of 0.09

(95% CI: 0.03–0.24), with an overall mean of 0.30 (95%

CI: 0.27–0.33; Fig. 1). Model-averaged annual adult sur-

vival rates were higher, ranging from a low of 0.45

(95% CI: 0.32–0.59) in 1982 to a high of 0.82 (95%

CI: 0.62–0.93) in 1986, with an overall mean of 0.66

(95% CI: 0.63–0.69).

Weather and density variables

The mean summer (June–August) average temperature

during the study period was 15.4 °C, and the mean

winter (December–February) average temperature was

10.2 °C (Fig. 2). There were weak, but significant, qua-

dratic trends in average temperatures during both

seasons (P < 0.05), peaking in the mid-1990s, which

resulted in a strong positive correlation between these

variables (Pearson’s r = 0.42). However, after removing

the quadratic trends, they were no longer strongly

correlated (r = 0.25). Precipitation during the winter

rainy season (October–March) was highly variable,

ranging from 0.38 to 1.39 m, with a mean of 0.78 m.

There was no evidence for a linear or quadratic trend in

winter precipitation (P > 0.8), and it was not strongly

correlated with either summer or winter average tem-

perature (r < 0.3). In contrast, Song Sparrow territory

density declined steadily by 0.03 territories ha�1 yr�1

(P < 0.001). We calculated relative territory density as

the difference between the density observed and the

declining trend, and relative density ranged from 0.42

territories ha�1 fewer than expected to 0.36 territories

ha�1 more than expected from the declining trend.

Effects of weather and density on survival

Of the four hypotheses, a direct effect of winter weather

(H2) had the strongest support for an effect on adult

survival, with the combined Akaike weights of all

models representing hypothesis H2 totaling 0.9999

(Table 2b). Winter weather accounted for 44% of the

total variation in annual adult survival. Consistent with

hypothesis H2, adult survival rates were higher in

years with relatively warm, dry winters, but the effect

Table 2 Model-selection results for the analysis of juvenile and adult survival

Survival (/) k AICc DAICc w Dev R2
Dev H#

(a) Reference models, including effects of age and year

Reft = At + Jt 95 8383.72 0.00 0.960 1430.02

RefJ = At + J 64 8392.25 8.53 0.013 1502.65

RefA = A + Jt 65 8393.09 9.37 0.009 1501.45

(b) Effects of weather on adult survival

RefA + Winter Temp + Rain 67 8365.87 0.00 0.518 1470.11 0.44 H2

RefA + Winter Temp2 + Rain 68 8367.61 1.73 0.218 1469.79 0.44 H2

RefA + Winter Temp + Rain2 68 8367.92 2.05 0.186 1470.10 0.44 H2

RefA + Winter Temp2 + Rain2 69 8369.63 3.76 0.079 1469.76 0.44 H2

Reft 95 8383.72 17.85 0.000 1430.02 1.00 –

(c) Effects of weather on juvenile survival

RefJ + Wintert�1 Temp + Rain2 67 8378.12 0.00 0.684 1482.36 0.28 H3

RefJ + Wintert�1 Temp2 + Rain2 68 8380.11 1.99 0.253 1482.29 0.28 H3

Reft 95 8383.72 5.60 0.042 1430.02 1.00 –

Only reference models and models with R2
Dev > 0.20 are shown. See Table S3, for the complete results. All of the models shown

included full year-dependent recapture probability. Survival model notation includes juvenile (J) and adult (A) age classes, with the

subscript denoting year-dependent (t) or constant (no subscript) survival. For (b–c), we added linear or quadratic effects of each

variable to RefA and RefJ, the baseline reference model for each age class from (a). We present models including quadratic effects

with a shortened notation, but these models do include both the linear and quadratic terms. See Table 1, for the definition of each

variable, and the hypothesis (H#) it represents.
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of winter temperature (b = 0.32, 95% CI: 0.19–0.45) was

stronger than the effect of precipitation (b = �0.17,

95% CI: �0.27 to �0.05; Fig. 3). Because there was a

quadratic trend in winter average temperature, we also

checked for trends in adult survival, and we found

strong support for a quadratic trend in adult survival

(Table S1). After accounting for this trend, there was

still strong support for a direct effect of the detrended

winter weather on adult survival. Therefore, the rela-

tionship between winter weather and adult survival

was not simply the result of similar trends in each.

For juveniles, an indirect effect of prior winter

weather (H3) had the strongest support, with a com-

bined Akaike weight of 0.951 (Table 2c). Prior winter

weather accounted for 28% of the variation in annual

juvenile survival rates, and was primarily due to a

strong quadratic effect of prior winter precipitation

(linear term b = 0.28, 95% CI: 0.14–0.43; quadratic term

b = �0.16, 95% CI: �0.25 to �0.07) rather than the

linear effect of prior winter temperature (b = �0.07,

95% CI: �0.15–0.02). Consistent with hypothesis H3,

and an effect of prior winter weather on food availabil-

ity and/or predation risk, juvenile survival was lowest

after dry winters (Fig. 3). Again, because there was a

quadratic trend in winter average temperatures, we

checked for a similar trend in juvenile survival. We

found weak support for a linear declining trend, but no

support for a quadratic trend (Table S1). Consequently,

the observed relationship between prior winter weather

and juvenile survival was also not simply the result of

similar trends in each.

By comparing the fit of two final models combining

the direct and indirect effects of winter weather

(H2 and H3), we found much stronger support for the

model that allowed each effect to vary by age class rela-

tive to the model that constrained the effects to be the

same on both age classes (Akaike w = 1.00; Table S2),

providing further support that adult and juvenile

survival rates responded differently to these weather

variables. Finally, for both adults and juveniles, none

of the models representing effects of extreme heat (H1)

or density (H4) was competitive (DAICc < 10) or

accounted for more than 20% of the variation in annual

survival (Table S3).

Seasonal fecundity

Drawing on the relationship reported by Chase et al.

(2005) between bioyear precipitation (July–June) and

seasonal fecundity in Song Sparrows (their Fig. 3), we

found a significant positive relationship between prior

rainy season precipitation (October–March) and the

ln-transformed number of female fledglings produced

per adult female (linear regression; b = 0.00059 �
0.00019; P = 0.007; r2 = 0.32).

(a)

(b)

(c)

Fig. 2 Annual variation in (a) summer (June–August) and

winter (December–February) average temperatures, (b) total

precipitation during the winter rainy season (October–March),

and (c) density of Song Sparrow breeding territories in the 36 ha

study area. The dashed lines denote (a–b) the 1979–2010 mean

values, and (c) the declining trend. In (a–b), the open points

along the right edge of each plot display the projected changes

in mean temperature and precipitation under the B1 and A2 sce-

narios (Cayan et al., 2008).

Fig. 1 Model-averaged survival estimates for adults and

juveniles, 1979–2009, shown with 95% CI.
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Projecting survival, fecundity, and population growth
under future climate conditions

The climate change projections we obtained from the

literature for Northern California under the B1 and A2

climate change scenarios included substantial increases

in mean winter temperatures of 2.3 and 3.4 °C, repre-
senting increases of 1.85 and 2.74 SDs from the current

mean, respectively (Fig. 2; Cayan et al., 2008). Only

slight decreases in mean winter precipitation of 6% and

9% were projected, representing decreases of 0.18 and

0.27 SDs from the current mean, respectively.

Due to the positive effect of winter temperature on

adult survival, we projected increases in mean adult

survival under both scenarios, from the current

expected mean of 0.67 (95% prediction interval: 0.65–
0.69), to 0.79 (0.74–0.83) under the B1 scenario, and 0.84

(0.78–0.88) under the A2 scenario (Fig. 4a). In contrast,

due to the relatively weak effect of prior winter temper-

ature on juvenile survival and the small changes

projected in mean precipitation, we projected slight

declines in mean juvenile survival from the current

expected mean of 0.34 (95% prediction interval: 0.32–
0.37), to 0.30 (0.26–0.35) under the B1 scenario, and 0.28

(0.23–0.34) under the A2 scenario. Similarly, we

projected slight declines in mean seasonal fecundity

from the current expected mean of 1.13 (95% prediction

interval: 0.67–1.91) female fledglings per female to 1.11

(0.66–1.87) under the B1 scenario, and 1.09 (0.65–1.85)
under the A2 scenario. As a result of the projected

increase in adult survival and slight declines in fecun-

dity and juvenile survival, our population model pro-

jected an increase in k from a current expected mean of

0.88 (95% bootstrap interval: 0.84–0.92) under current

climatic conditions, to 0.97 (0.91–1.03) under the B1

(a)

(b)

Fig. 4 Current and projected demographic rates. (a) Current

expected mean survival and population growth rates based on

current (1979–2010) climatic conditions, and projected mean

survival and population growth rates under B1 and A2 climate

change scenarios. (b) Projected population growth rates (k) over

a range of climatic conditions. Population growth rates were

calculated using a population model that incorporated the

effects of weather on juvenile and adult survival rates from this

study, and on seasonal fecundity as reported in a prior study

(Chase et al., 2005; their Fig. 3), as well as the previously

reported mean postfledging survival rate (Dybala et al., 2013).

See text, for details.

(a)

(b)

Fig. 3 Expected and estimated adult and juvenile survival rates

over a range of current (t) and prior (t�1) winter weather condi-

tions, respectively: (a) winter (December–February) average

temperature (°C) and (b) total precipitation (m) during the

winter rainy season (October–March). The lines and shaded

areas represent the expected survival rate and 95% CI over the

range of weather conditions shown. The filled and open points

mark the observed weather conditions in each year and the

corresponding model-averaged adult and juvenile survival esti-

mates, respectively. For clarity, CI are not shown for the annual

survival estimates, but are shown in Fig. 1.
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scenario, and 1.00 (0.93–1.07) under the A2 scenario.

Furthermore, even if precipitation under each climate

change scenario becomes much drier or wetter than

currently projected, we would still project an increase

in the population growth rate (Fig. 4b).

Discussion

By conducting a comprehensive study of the effects of

weather on both adult and juvenile survival rates, we

were able to quantitatively project changes in demogra-

phy in response to climate change. We considered

multiple, direct, and indirect effects of weather on both

life stages, and identified strong differences between

the effects of weather on adult and juvenile survival,

resulting in strong differences in their projected

responses to climate change. Our results contribute to

the substantial body of literature that has reported

differences in the effects of environmental conditions

on different life stages (Gaillard et al., 1998; Portier

et al., 1998; Altwegg et al., 2005; Oro et al., 2010).

Furthermore, our results indicate that juvenile survival

was more sensitive to the indirect effects of weather on

food availability, whereas adult survival responded

primarily to the direct effects of extreme weather.

The indirect effect of prior winter weather accounted

for 28% of the variation in annual juvenile survival

(Table 2b), and is consistent with the hypothesis that

rainy season precipitation is related to increased food

availability and/or reduced predation risk during the

following spring and summer. However, prior winter

weather had little effect on adult survival (Table S3). These

results suggest that adults may be able to compensate

for reduced food availability or increased predation

risk after dry winters, whereas juveniles lack the neces-

sary foraging and predator-avoidance skills. In con-

trast, adults are likely unable to compensate for the

direct, physiological stress of colder winters, and the

direct effect of winter weather accounted for 44% of the

variation in annual adult survival in this population.

Although it was surprising that there was little support

for a similar direct effect of winter weather on juvenile

survival (Table S3), this does not necessarily mean that

juveniles are less sensitive than adults to cold weather.

Instead, this result suggests that much of the variation

in juvenile survival happens earlier in the year, when

the youngest juveniles are especially vulnerable to star-

vation or predation, and thus especially sensitive to

variation in food availability or predation risk. By win-

ter, there may be relatively little variation in juvenile

survival remaining that could be accounted for by the

direct effects of winter weather. Therefore, even though

a warm, dry winter might have a positive direct effect

on juvenile survival, as it does for adults, this effect is

outweighed by their sensitivity to the indirect effect of

prior winter weather on food availability or predation

risk earlier in the year.

Because warm, dry winters were associated with

higher adult survival whereas cool, wet winters were

associated with higher juvenile survival in the follow-

ing year (Fig. 3), we projected differences in the

response of adult and juvenile survival to climate

change (Fig. 4a). When we integrated changes in these

demographic rates in a population model, we projected

a significant increase in the population growth rate

under both the B1 and A2 climate change scenarios. In

the absence of immigration, for which our models can-

not account, the population is currently expected to

decline rapidly (k = 0.88), with reproduction rates too

low to offset mortality and emigration rates, and consis-

tent with the observed decline in population density

(Fig. 2c). Yet, in a future with significantly warmer

winters, and all else being equal, the projected increase

in adult survival may be sufficient to stabilize or even

reverse the declining trend in this population.

Our results underscore the importance of considering

multiple effects of weather, as well as differences in the

response of each life stage to climate change. If we had

assumed that juvenile survival had the same response

to warmer winter weather as adults, we would have

projected an increase in juvenile survival rates and even

larger increases in k. On the other hand, if the climate

model we used had projected a much drier future, we

would have expected a stronger decline in both

seasonal fecundity and juvenile survival, and thus a

smaller increase in the population’s growth rate

(Fig. 4b). Therefore, we recommend that future efforts

to project the effect of climate change on demography:

(i) examine the effects of weather on all age classes;

(ii) consider multiple direct and indirect effects of

weather throughout the annual cycle; and (iii) integrate

climate model projections to quantitatively explore the

effects of a range of future climate conditions. How-

ever, we also recommend keeping in mind that these

demographic projections will depend on the accuracy

of the climate models on which they are based, and will

need to be updated as climate models continue to

improve and as different climate scenarios become

more likely. In addition, these projections must neces-

sarily assume that all other critical factors influencing

the population do not change significantly, such as

changes in habitat type or quality, or the introduction

of new competitors and predators. Finally, it will be

essential to continue monitoring populations to identify

changes in the current relationships between weather

and demographic processes, such as threshold

responses to new climate conditions (Burkett et al.,

2005), shifts in plant and insect phenology (Parmesan,

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2688–2697
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2006), or the evolution of the population itself, as selec-

tion pressures change with the climate (Nevoux et al.,

2010; Reed et al., 2011).

Although few studies have quantitatively projected

changes in demography in response to climate change,

this approach provides important insights into the pro-

cesses that may lead to the expected changes in species

distribution. In addition to identifying populations that

will be positively, negatively, or neutrally affected by

climate change, this approach can identify the demo-

graphic process(es) that will be most influenced by

climate change as well as indicate the specific mecha-

nisms that may be responsible. While it may be impos-

sible to influence the effects of some of these

mechanisms, such as the direct effects of weather on

physiological stress, it may be feasible to mitigate some

of the indirect effects of weather, such as changes in

food availability. Knowing which mechanisms and

demographic processes to target will be critical to the

development of effective climate change adaptation

plans, helping to prioritize future research and identify

where limited conservation resources will be most

effectively and efficiently spent.
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