
ARTICLE

Received 2 Sep 2016 | Accepted 1 Feb 2017 | Published 20 Mar 2017

mailto:bwoodwor@uoguelph.ca
mailto:rnorris@uoguelph.ca
http://www.nature.com/naturecommunications


U
nderstanding the factors that limit and regulate wildlife
populations requires insight into interactions among
demographic and environmental processes throughout

the annual cycle1,2. For migratory species, quantifying seasonal
effects of density-dependent and density-independent factors on
population dynamics is particularly challenging due to the
difficulty of following individuals between their distinct and
often distant breeding and non-breeding grounds3,4. In birds,
variation in the non-breeding environment has been shown to
influence individual condition5, migration timing6,7 and
subsequent reproductive success6, as well as some components
of population growth rate, such as survival and fecundity8–11.
However, the extent to which density-dependent and -
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quantify the contributions of density-dependent and density-
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components of populations, or periods of the annual cycle, on
which targeted conservation actions are likely to have the greatest
effect in sustaining populations. For example, warming tempera-
tures are known to influence some migratory animals by altering
their timing of breeding in relation to peak food supply for

provisioning young25. If fecundity contributes strongly to
variation in population growth rate, then the fate of a
population or species may hinge on its ability to cope with, or
adjust to, long-term warming trends and conservation resources
should be allocated to ensure successful reproduction26.
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Figure 4 | Effects of weather and density at breeding and population-specific wintering grounds on population growth rate (k). (a) Direct effects

(mean±95% credible interval) of weather and density at the breeding (orange) and population-specific wintering grounds (blue) on vital rates.

(b) Cumulative indirect effects of breeding and winter covariates on population growth rate via the vital rates. The total effect of a given covariate

X (for example, winter temperature) on population growth rate was calculated from standardized regression coefficients estimated using path analysis by

calculating the indirect effects of covariate X on growth rate via each vital rate and then summing indirect effects across all vital rates. The indirect effect of

covariate X on growth rate through a given vital rate V
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In contrast, if fecundity contributes relatively little to population
growth rate relative to survival, then conservation efforts will be
more impactful during the period(s) of the annual cycle that have
the greatest influence on survival.

Although our study focused on a single population of a broadly
distributed songbird, variation in the non-breeding environment
likely plays a primary role in limiting population growth rates of a
wide range of migratory birds20,27, given that non-breeding
grounds are typically used during resource-poor periods of the
year and that survival is a key vital rate driving population growth
in birds28. That males and females had similar survival
probabilities even though temperatures were, on average, 5 �C
higher at the female- versus male-specific wintering grounds,
suggests that temperature was not the only environmental factor
influencing this vital rate. Other factors, such as differences in
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Savannah sparrows observed per survey hour was 0.84±0.03 (range¼ 0.59–1.29;
Fig. 2b). Unlike breeding population size, abundance of Savannah sparrows on the
wintering grounds did not show evidence for a temporal trend in either direction
(slope estimate±s.e. from regressing winter abundance (count h� 1) versus
time¼ 0.001±0.004, R2¼0.005), which might be because the population consists
of individuals from different breeding populations that may be stable, increasing or
decreasing35.

Integrated population model. We used a modified version of the integrated
population model (IPM) developed by Schaub et al.12 to estimate vital rates,
population structure and population growth rate from the population count, CR,
and reproductive success data (Fig. 3a–e; Supplementary Fig. 3).
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Direct and indirect effects on population growth rate. We adopted a novel path
analysis57 approach that used annual estimates of vital rates and population growth
rate (Fig. 3a–e) and key weather and density variables (Fig. 2; Supplementary
Figs 1,5 and 6) to quantify the relative effects of weather and density at the breeding
and wintering grounds on population growth rate via the vital rates. Advantages of
this approach include the flexibility and accessibility of using common regression
techniques to estimate direct and indirect effects of covariates on response
variable(s) and the ability to account for uncertainty in model inputs (for example,
vital rates) by fitting the model to each sample of their posterior distributions. The
path model consisted of seven normal linear models, one relating population
growth rate to the vital rates and the remaining six relating the vital rates to
weather and density at different periods of the annual cycle:

lt �jj;f ;t þjad;f ;t þjj;m;t þjad;m;t þ rt þot ð6Þ

jj;f ;t � breeding densityt� 1 þ breeding precipitationt� 1 þwinter temperaturet

ð7Þ

jad;f ;t � winter densityt þ postbreeding temperaturet� 1 þwinter temperaturet

ð8Þ

jj;m;t � breeding densityt� 1 þ breeding precipitationt� 1 þwinter temperaturet

ð9Þ

jad;m;t � breeding densityt� 1 þ prebreeding temperaturet þwinter temperaturet

ð10Þ

rt � breeding densityt þ breeding temperaturet þwinter temperaturet ð11Þ
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