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Abstract
Understanding the mechanisms by which populations are regulated is critical for predicting the effects of large-scale per-
turbations. While discrete mortality events provide clear evidence of direct impacts, indirect pathways are more difficult to 
assess but may play important roles in population and ecosystem dynamics. Here, we use multi-state occupancy models to 
analyze a long-term dataset on nesting bald eagles in south-central Alaska with the goal of identifying both direct and indirect 
mechanisms influencing reproductive output in this apex predator. We found that the probabilities of both nest occupancy 
and success were higher in the portion of the study area where water turbidity was low, supporting the hypothesis that access 
to aquatic prey is a critical factor limiting the reproductive output of eagles in this system. As expected, nest success was 
also positively related to salmon abundance; however, the negative effect of spring warmth suggested that access to salmon 
resources is indirectly diminished in warm springs as a consequence of increased glacial melt. Together, these findings reveal 
complex interrelationships between a critical prey resource and large-scale weather and climate processes which likely alter 
the accessibility of resources rather than directly affecting resource abundance. While important for understanding bald 
eagle reproductive dynamics in this system specifically, our results have broader implications that suggest complex inter-
relationships among system components.

Keywords  Bottom-up · Food limitation · Multi-state · Population dynamics · Weather

Introduction

There is a growing body of evidence that bottom-up forces 
are important drivers of abundance (Frederiksen et al. 2006; 
Schmidt et al. 2018b) and reproductive output (Schmidt 
et al. 2018a) in many natural systems. The primary bottom-
up mechanism affecting population dynamics is access to 

food (e.g., White 2008; Parker et al. 2009), the effects of 
which have been demonstrated through supplemental feed-
ing experiments in a variety of bird species (Brittingham 
and Temple 1988; Gill et al. 2002; Preston and Rotenberry 
2006). Food limitation can be mediated by a variety of fac-
tors including territoriality, social dynamics, movement, and 
reductions in fecundity (Wallach et al. 2015), although their 
importance varies among species and systems.

Variation in weather and climate influence primary pro-
ductivity and are important drivers of population dynamics 
in a variety of vertebrate taxa including ungulates (Post and 
Stenseth 1999; Rattenbury et al. 2018), passerines (Sillett 
et al. 2000; Boelman et al. 2017), seabirds (Thompson and 
Ollason 2001), and raptors (Franklin et al. 2000; Fairhurst 
and Bechard 2005; Glenn et al. 2010). The effects of weather 
and climate can be both direct and indirect, potentially com-
plicating a mechanistic understanding of systems. Mortali-
ties related to extreme events are a commonly observed 
example of direct impacts of variable weather conditions 
(Parmesan et al. 2000; Anctil et al. 2014), while indirect 
impacts are more subtle and can be manifest as variation in 
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resource abundance or availability that in turn affects vital 
rates (e.g., Durant et al. 2007; White 2008; Dybala et al. 
2013; Schmidt et al. 2018a, b). Identifying the effects of 
variation in weather and climate on vertebrate taxa and their 
prey is critical for our collective understanding of how future 
changes in weather patterns may affect populations.

In coastally connected systems in the north, salmon often 
represent a large potential prey resource for a variety of 
consumers (Buehler 2000; Gende et al. 2004; Hilderbrand 
et al. 2004) and transport large quantities of marine-derived 
nutrients into terrestrial ecosystems (Helfield and Naiman 
2006). However, salmon abundance can be impacted by 
climate variation through changes in survival rates (Finney 
et al. 2000; Mueter et al. 2002; Farley et al. 2011). During 
migration, river discharge rates can also influence the ability 
of salmon to reach the spawning grounds (Rand et al. 2006; 
Martins et al. 2012), and high flow-rates caused by melt-
ing snow and ice can delay the timing of in-river salmon 
migration (Hodgson et al. 2006; Keefer et al. 2007). These 
findings imply that drivers of salmon returns could have bot-
tom-up impacts on terrestrial predators that rely on salmon 
returns as a primary food resource.

The tendency of raptors to reuse nesting sites makes them 
a convenient focal group for studying dynamics in preda-
tor–prey systems (e.g., Korpimaki 1992; Wiehn and Korpi-
maki 1997; McIntyre and Schmidt 2012). Research on bald 
eagles has shown that population dynamics are influenced 
in part by food availability (Hansen 1987; Gende and Will-
son 1997; Elliot et al. 1998; Hoff et al. 2004) and weather 
conditions through both direct and indirect means (Steidl 
et al.1997; Gende et al. 1997; Swenson et al. 1986). Bald 
eagle reproductive dynamics are often assessed at the level 
of individual nests which can be revisited annually to com-
pile metrics such as nest occupancy, success, and productiv-
ity (Watts and Duerr 2010; Wilson et al. 2014; Cruz et al. 
2018). Often, summary statistics such as the proportion of 
successful nests, or the average number of young produced 
per occupied nest are calculated and used for inference (e.g., 
Zwiefelhofer 2007). While such approaches are useful, they 
can be analytically inefficient, potentially limiting assess-
ments of factors influencing reproductive parameters. Occu-
pancy models have become a powerful tool for assessing site 
dynamics in unmarked populations (MacKenzie et al. 2003, 
2018) and have been widely applied in raptor monitoring 
and research (e.g., Sergio and Newton 2003; McIntyre and 
Schmidt 2012). When multiple possible occupancy states are 
of interest (e.g., unoccupied, occupied without reproduction, 
occupied with successful reproduction), a multi-state occu-
pancy framework can provide additional insights into popu-
lation dynamics (Nichols et al. 2007; MacKenzie et al. 2012, 
2018). These approaches have recently been implemented 
more widely for the study of raptor populations (Martin et al. 
2009; Wilson et al. 2014, 2018; Mizel et al. 2018) providing 

additional insights into reproductive ecology. We expected 
that a multi-state occupancy framework would be useful in 
assessing the roles of weather and food resources in bald 
eagle reproductive dynamics.

Here, we used a multi-season multi-state occupancy mod-
eling framework to investigate spatial and temporal variation 
in bald eagle nest occupancy state in relation to the inter-
play between spring weather conditions and run strength of 
salmon (Oncorhynchus spp.) in the Copper River drainage 
in south-central Alaska, USA from 2004 to 2018. This sys-
tem is useful for evaluating the effects of food availability 
and weather events on bald eagle demographic parameters 
because forage is dominated by salmon, thereby provid-
ing a good opportunity to evaluate patterns with relatively 
few confounding effects. Our primary objectives were to: 
(1) assess broad spatial patterns in nest occupancy state 
throughout our study area, and (2) assess the role of spring 
temperatures and early season salmon run strength on bald 
eagle nest occupancy state. We hypothesized that early 
salmon run strength would be positively related to bald eagle 
nest occupancy state, while warm springs would result in 
decreased probabilities of occurring in a higher occupancy 
state due to reduced food availability as a consequence of 
increased stream flow in this glacially fed system. Meeting 
these objectives would provide insights into the reproductive 
dynamics of bald eagles and identify how indirect pathways 
can impact on ecosystems.

Materials and methods

Study area

Our study area included the riparian corridor along most 
of the Copper River, as well as two major tributaries, the 
Chitina and Bremner Rivers (Fig. 1). We divided the overall 
study area into 5 survey subareas, largely defined by Kozie 
(1996). The Upper Copper River subarea includes 80 km 
of the Copper River upstream of the Chistochina River, as 
well as Tanada Creek and Copper and Tanada lakes. The 
Middle Copper River subarea (179 km) extends from the 
Chistochina River south to the confluence with the Chitina 
River. The Lower Copper River subarea (188 km) extends 
from the Chitina River south to Miles Lake. The Chitina 
River subarea extends 116 km of the Chitina River upstream 
from the Copper River confluence. The Bremner subarea 
extends 45 km from the Copper River confluence upstream 
to Threemile Canyon. Most of the Copper River drainage 
is glacial in origin, draining 68,600 km2 including much 
of the south side of Wrangel-St. Elias National Park and 
Preserve. As many as 1.2 million sockeye salmon (Onco-
rhynchus nerka) return to the Copper River each year, pro-
viding a large food resource for bald eagles. The Copper, 
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Fig. 1   Map of the bald eagle study area in south-central Alaska, USA showing nest distribution along the Copper, Chitina, and Bremner rivers. 
The 5 survey subareas are also shown. We added random spatial noise to protect actual nest locations
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Chitina, and Bremner rivers are glacial, meaning that they 
have high silt loads, high turbidity, and flows that are driven 
in part by temperature which determines runoff from snow 
and ice melt. The primary exception is the Tanada Creek 
and Copper and Tanada Lakes portion of the Upper Copper 
River subarea which is non-glacial and, therefore, has clear 
water. The riparian zone along these rivers represents the 
primary nesting habitat for bald eagles, typically dominated 
by white spruce (Picea glauca) in the north, with balsam 
popular (Populus balsamifera) becoming common in the 
south. In the Lower Copper River and Bremner River sub-
areas, black cottonwood (Populus trichocarpa), Sitka spruce 
(Picea sitchensis), and mountain hemlock (Tsuga mertensi-
ana) are also present.

Field methods

We conducted two surveys annually, a nest occupancy sur-
vey in mid-May at which point all nests were assumed to 
have been initiated, and a productivity survey in late-July to 
early-August prior to the fledging period to determine nest 
success. We conducted each survey using a tandem fixed-
wing aircraft (e.g., Piper Supercub; Piper Aircraft, Inc., Vero 
Beach, FL) flown at < 100 m above the ground. Known nest 
locations were input into the pilot’s GPS to facilitate an effi-
cient search pattern. During the May occupancy survey, the 
pilot–observer team searched all bald eagle habitat within 
the riparian corridor for nests, while systematically revisit-
ing all known nest locations. The narrow riparian corridor 
generally allowed adequate coverage from a single pass 
on either side of the river, although multiple passes were 
made when needed to cover all riparian habitats. When a 
new nest was detected, the characteristics (e.g., tree species, 
nest condition) and spatial location were recorded to facili-
tate relocation in subsequent surveys. During the occupancy 
survey, each detected nest was classified as occupied if it 
contained eggs, an adult eagle in an incubating posture, or 
if 2 adults were perched on or near the nest tree. Otherwise 
the nest was deemed to be unoccupied. If an individual nest 
was not found for > 2 years, it was assumed to have been 
destroyed (e.g., nest tree fell over) and removed from the list 
of known nests. We used the nest as the sample unit rather 
than the nesting territory, as has been done in past studies 
(e.g., Gende et al. 1997; Anthony et al. 2008), to avoid sub-
jective decisions regarding territory assignment. During the 
productivity survey, the pilot–observer team only revisited 
nests that had been classified as occupied during the earlier 
occupancy survey. Revisited nests were reclassified as occu-
pied but unsuccessful (no chick present), successful (1 chick 
present), or highly successful (> 1 chick present). Over the 
course of the study, only two instances of three chick broods 
were observed; therefore, highly successful nests essentially 
produced two chicks. While the pilot–observer team did not 

actively search for nests during the productivity survey, pre-
viously undiscovered nests were occasionally found. When 
this occurred, the new nests were added to the list as dur-
ing the occupancy survey, but if no chicks were present, 
the occupancy state was assumed to be unknown because 
there was no way to know if the nest had been occupied but 
then failed prior to the second survey. We acknowledge that 
a single survey during each period likely resulted in state 
misclassification errors (i.e., Wilson et al. 2017), although 
we expect these to be limited because bald eagles tend to 
have high nest attendance rates during the incubation period 
(Buehler 2000). Any errors would also most likely increase 
variation in our data, thereby decreasing our ability to detect 
covariate effects rather than leading to spurious results.

Analytical methods

We used a multi-season multi-state occupancy modeling 
framework for analysis. Because we were primarily inter-
ested in occupancy patterns through time and our dataset 
did not consistently include the same nests (i.e., nests were 
added and lost from the population continuously, incom-
plete surveys in some years), we used an implicit dynamics 
formulation (MacKenzie et al. 2018). The basic model had 
four possible occupancy states for each nest: unoccupied, 
occupied, successful, and highly successful. Following the 
notation of Kéry and Schaub (2012), the probability of the 
state, z, of nest i in year j is modeled using a categorical 
distribution

where �ij is the state vector. Using the following 
parameterization

where �1 is the probability a given nest is occupied, �2 is 
the probability that successful reproduction occurs at an 
occupied nest, �3 is the probability that a successful nest 
is highly successful, and 1 − �1,ij is the probability that a 
nest is unoccupied. The observed states, yij, come from a 
categorical distribution

where Θ is the observation array, O is the total number of 
states, and k indicates the visit. Because the two visits to 
each nest in our study occurred during different portions of 
the breeding season, Θ is

zij ∼ categorical
(
�ij

)
,

�ij =

⎡
⎢⎢⎢⎣

1 − �1,ij

�1,ij

�
1 − �2,ij

�
�1,ij�2,ij

�
1 − �3,ij

�
�1,ij�2,ij�3,ij

⎤
⎥⎥⎥⎦
,

yij ∼ categorical
(
�1…O,i,k

)
,
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for k = 1 and

for k = 2. The first survey occurs prior to hatch; therefore, the 
successful and highly successful states are not yet observ-
able. During the second survey, the true state is assumed to 
be observed without error. The observation matrix for k = 1 
is generally only relevant when a given nest is not observed 
during the second survey, thereby acknowledging the poten-
tial for state classification error.

Under the implicit dynamics model formulation, we can 
also consider the effects of covariates on each state

where xj is a vector of covariates and α,  β, and γ, are the 
associated coefficients. For our analysis, the covariates we 
considered were: subarea, annual trend through time, annual 
cumulative maximum growing degree days (GDD) prior to 
June 1, annual number of salmon entering the Copper River 
prior to June 1, and an interaction between GDD and salmon 
numbers. Salmon numbers include a relatively small number 
(generally < 5%) of Chinook salmon (Oncorhynchus tshaw-
ytscha), although the large majority are sockeye salmon. We 
assumed using the spring period prior to June 1 would cap-
ture warmth and salmon abundance most likely to influence 
the critical incubation and early nestling periods. We used 
GDD as an index of snow and ice melt in this glacial sys-
tem because complete stream gauge data were not available. 
We acquired temperature data from the Gulkana weather 
station located immediately adjacent to the Middle Copper 
subarea (Fig. 1) and calculated GDD from April 1–May 31. 
Although the Gulkana station is the only first-order weather 

logit
(
�1,ij

)
= x

′

ij
�,

logit
(
�2,ij

)
= x

′

ij
�,

logit
(
�3,ij

)
= x

′

ij
�,

station adjacent to our study area, we expected it to be a 
reasonable measure of broad weather conditions during our 
study (Shulski and Wendler 2007). The number of salmon 
entering the river was recorded at the Miles Lake sonar site 
operated by the Alaska Department of Fish and Game at 
the southern terminus of our study area (see Mejjati et al. 
2010). We scaled the GDD and salmon covariates to have 
a mean = 0 and SD = 1 prior to analysis to improve conver-
gence. We fit our model using program R 3.1.1 (R Devel-
opment Core Team 2014) and OpenBUGS (Thomas et al. 
2006) using a Bayesian approach. We used uninformative 
priors on all parameters and ran two independent Markov 
chains for 20,000 iterations each, discarding the initial 
10,000 as burn-in, retaining the rest for inference. We used a 
visual inspection of the chains and the Gelman–Rubin diag-
nostic (Brooks and Gelman 1998) to assess convergence. We 
used the 95% Bayesian credible intervals to determine which 
covariates had interpretable impacts on each occupancy state 
(i.e., those that did not overlap 0).

Results

After the initial 2 years of the project, during which surveys 
were largely limited to the Middle and Lower Copper sub-
areas, 271–321 nests were surveyed annually throughout the 
study area (Table 1, Fig. 1). The only exception was 2010 
when a lack of funding precluded all surveys. Our measure 
of spring warmth, GDD prior to June 1, varied almost two-
fold from 439 to 855. The size of the spring salmon run was 
much more variable, ranging from 26,654 to 415,831 fish 
passing the Miles Lake sonar site at the southern terminus 
of our study area each year prior to June 1 (Table 1).

We found no evidence that the probability of a nest being 
occupied was related to spring temperatures or salmon run 
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strength (Table 2), although we anticipated that the impact 
of salmon abundance on nest occupancy may be minor 
because salmon would only be available to nesting eagles for 
a short period prior to the occupancy survey. However, nests 
in the Upper Copper subarea (where clear water habitats 
were present) were substantially more likely to be occupied 
than nests in the other 4 subareas (Tables 2, 3). In addi-
tion, the probability that an occupied nest was successful 
within a given year was lower in warmer springs and higher 
in years with strong early salmon runs (Table 2, Fig. 2a), 
consistent with our predictions. The relative effect sizes were 
similar indicating that a − 1SD change in GDD had approxi-
mately the same effect size as a + 1SD change in salmon 
run strength (see Fig. 2b, c). In addition, the negative inter-
action between GDD and salmon abundance indicated that 
there was a curvilinear relationship between these two vari-
ables and the probability of a nest being successful (Fig. 2a). 
The only apparent temporal trend was an increase in the 
probability that a nest was successful over time (Fig. 3). As 
was the case for occupancy, nests in the Upper Copper sub-
area were also more likely to be successful than the other 
4 subareas (Table 2, Fig. 2). While the probability of a nest 
being highly successful was not linearly related to either 
spring warmth or salmon run strength, there was support 
for a negative interaction between them, resulting again in 
a curvilinear relationship which showed that, given that a 

nest was successful, the probability of it also being highly 
successful was lowest under average conditions (Table 2, 
Fig. 2d). Although there were no differences in the prob-
ability of an occupied nest being highly successful among 
subareas, highly successful nests were more likely in the 
Upper Copper subarea due to higher probabilities of both 
occupancy and success there (Table 2, Fig. 2d).

For comparison with past work, we also derived average 
estimates of success and productivity (i.e., average number 
of chicks produced) over our entire study period. The aver-
age probability of success for an occupied nest was 0.46 
[95% CrI 0.43–0.48]. Productivity averaged 0.64 [95% CrI 
0.61–0.68] for occupied nests and 1.4 [95% CrI 1.37–1.44] 
for successful nests. Average probabilities of occupancy and 
success were both higher in the Upper Copper subarea as 

Table 1   Annual number of bald eagle nests sampled within the Cop-
per River drainage in south-central Alaska, USA 2004–2018

Corresponding values of spring warmth as measured by accumu-
lated growing degree days (GDD) prior to June 1, and the num-
ber of salmon passing the Miles Lake sonar site prior to June 1 
(early salmon run strength) are also included. Surveys were largely 
restricted to the Middle and Lower Copper subareas in 2004–2005, 
and surveys were not conducted in 2010

Year Nests sampled Spring GDD Early salmon 
run strength

2004 86 754 188,576
2005 152 800 201,739
2006 274 577 122,640
2007 321 653 116,871
2008 319 624 95,406
2009 307 693 167,425
2010 – 735 94,757
2011 291 662 260,339
2012 289 648 415,831
2013 278 439 26,654
2014 278 744 308,309
2015 271 800 328,174
2016 280 855 181,663
2017 285 714 166,114
2018 276 589 39,122

Table 2   Parameter estimates (logit-scale) with standard deviation 
(SD) and lower and upper 95% credible intervals

Each int represents the intercept for each of the 5 survey subareas, 
GDD is cumulative growing degree days prior to June 1, and salmon 
is the total number of salmon passing the Miles Lake sonar in May. 
Subscripts indicate covariate effects on the probability of a nest being 
occupied (1), successful (2), or highly successful (3). Note that covar-
iates GDD and salmon have been scaled to have mean = 0 and SD = 1

Parameter Mean SD 2.5% 97.5%

Upper.int1 0.07 0.13 − 0.19 0.34
Middle.int1 − 0.52 0.09 − 0.69 − 0.35
Lower.int1 − 0.70 0.10 − 0.89 − 0.50
Chitina.int1 − 0.70 0.15 − 0.98 − 0.41
Bremner.int1 − 0.61 0.13 − 0.86 − 0.36
Upper.int2 0.83 0.22 0.45 1.28
Middle.int2 − 0.69 0.16 − 0.98 − 0.38
Lower.int2 − 0.33 0.17 − 0.66 0.01
Chitina.int2 − 1.66 0.31 − 2.26 − 1.07
Bremner.int2 − 0.93 0.24 − 1.37 − 0.48
Upper.int3 − 0.26 0.27 − 0.77 0.25
Middle.int3 − 0.11 0.24 − 0.58 0.36
Lower.int3 − 0.48 0.26 − 0.98 0.03
Chitina.int3 − 0.22 0.51 − 1.22 0.76
Bremner.int3 − 0.56 0.37 − 1.27 0.17
trend1 0.00 0.01 − 0.02 0.02
trend2 0.05 0.02 0.01 0.08
trend 0.01 0.02 − 0.04 0.05
GDD1 0.05 0.05 − 0.04 0.14
GDD2 − 0.21 0.08 − 0.37 − 0.04
GDD3 0.02 0.12 − 0.21 0.26
Salmon1 0.03 0.04 − 0.06 0.11
Salmon2 0.18 0.07 0.04 0.32
Salmon3 − 0.06 0.10 − 0.25 0.13
GDD1*salmon1 0.06 0.05 − 0.04 0.14
GDD2*salmon2 − 0.18 0.08 − 0.33 − 0.03
GDD3*salmon3 − 0.34 0.12 − 0.56 − 0.12
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compared to the remainder of the study area, while the prob-
ability of an occupied nest being successful was significantly 
lower in the Chitina subarea (Table 3). The probability of a 
nest being highly successful, given that it was occupied and 
successful, was similar throughout the study area (Table 3).

Discussion

We found that eagle nest success was associated with the 
interacting direct and indirect effects of spring GDD and 
salmon abundance. While direct positive impacts of salmon 
abundance were expected, spring warmth appeared to have 
a countervailing effect, suggesting a complex relationship 
between weather conditions and food availability in this 
glacially fed system. While the direct effects of lower GDD 
could theoretically decrease productivity, our results suggest 
that any negative impacts may be outweighed by the posi-
tive effects of increased access to salmon resources. These 
findings suggest that identifying the mechanisms underlying 
relationships between population dynamics, food resources, 
and weather conditions could be important for predicting 
the future impacts of a changing climate on wildlife popula-
tions. Although these findings inform our understanding of 
potential drivers of bald eagle population dynamics in the 
Copper River drainage specifically, they also demonstrate 
more broadly how complex interactions between weather 

conditions and food resources can affect natural systems 
through alternative bottom-up pathways.

It is well established that limited food resources can nega-
tively affect reproductive dynamics in bald eagles (Hansen 
1987; Elliot et al. 1998, 2011; Hoff et al. 2004; Rubenstein 
et al. 2019) and other raptors (Korpimaki 1992; Wiehn and 
Korpimaki 1997; Byholm et al. 2007; McIntyre and Schmidt 
2012). Despite a sizable salmon resource, bald eagle pro-
ductivity in the Copper River drainage is generally low in 
comparison with other areas (Ritchie and Ambrose 1996; 
Steidl et al. 1997; Wilson et al. 2018), presumably due to 
river turbidity which limits salmon availability (i.e., vis-
ibility) to bald eagles (Steidl et al. 1997). This hypothesis 
was supported by our observation of substantially higher 
probabilities of bald eagle nest occupancy and success in 
the Upper Copper subarea where clear water streams and 
spawning lakes are present. Generally, higher success in the 
adjacent clear water Gulkana River drainage (Steidl et al. 
1997) provides further evidence that access to salmon is an 
important factor limiting the reproductive output of nesting 
bald eagles in this system.

Although water clarity may explain broad geographic 
patterns of bald eagle nest occupancy and success that we 
observed on the Copper River, we found that the expected 
positive relationship between the strength of the salmon run 
interacted with a negative effect of spring GDD. Although 
the direct effects of GDD may be expected to be positive, we 
hypothesized that warm springs might accelerate or exacer-
bate spring runoff and thus have an indirect negative effect 
on bald eagle nest occupancy and success by further reduc-
ing access to salmon resources (Hansen 1987). Discharge 
and turbulence are known to affect salmon migration effi-
ciency (Hinch and Rand 1998), and impact the ability of 
salmon to reach spawning areas, especially if the physiologi-
cal capacities of spawning fish are exceeded (Bernatchez and 
Dodson 1987; Rand et al. 2006). Further, the availability of 
salmon to eagles can be influenced by the presence of gravel 
bars and shallow water habitats that allow eagles to access 
salmon carcasses during the early nesting period (Hansen 
1987; Rubenstein et al. 2019). We, therefore, concluded that 
salmon availability was likely reduced in years with high 
spring GDD due to increased glacial melt, thereby affecting 
nest success.

Warm temperatures are often associated with increased 
reproductive output in raptors living in cold climates (e.g., 
Fairhurst and Bechard 2005; Väli 2012), including bald 
eagles (Mougeot et al. 2013; Wilson et al. 2018). Warmth 
could directly improve chick production by alleviating the 
energetic demands of adults (Stalmaster and Gesssaman 
1984; Harvey et al. 2012; Redpath et al. 2002), while harsh 
temperatures and inclement weather early in the nesting 
period can lead to nest failure (Gende et al. 1997; Rodríguez 
and Bustamante 2003). In contrast to the general pattern 

Table 3   Estimated average probabilities by subarea of a nest being 
occupied, successful given occupancy, and highly successful given it 
was successful

Mean 2.5% 97.5%

Occupancy
 Upper 0.52 0.47 0.57
 Middle 0.37 0.35 0.40
 Lower 0.33 0.30 0.36
 Chitina 0.33 0.28 0.39
 Bremner 0.35 0.31 0.40

Successful
 Upper 0.75 0.68 0.81
 Middle 0.40 0.36 0.44
 Lower 0.48 0.43 0.54
 Chitina 0.21 0.13 0.30
 Bremner 0.35 0.27 0.43

Highly successful
 Upper 0.41 0.33 0.50
 Middle 0.45 0.38 0.52
 Lower 0.36 0.29 0.44
 Chitina 0.43 0.22 0.65
 Bremner 0.35 0.22 0.49
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of positive impacts of temperature, our results suggest that 
although nest occupancy and success are depressed in years 
with warm weather in the spring and lower overall salmon 
run strength, the proportion of successful nests with two egg 
clutches tends to be higher.

While acknowledging differences in metrics, methodol-
ogy, and survey coverage, our estimates of overall success 
and productivity over our 15-year study were similar to 
those based on past work in the area (Steidl et al. 1997). 
Our values were within the range of that suggested by Sprunt 
et al. (1973) for self-sustaining populations and consistency 
across time periods suggests that bald eagle populations are 
largely stable. Despite all outward evidence of population 
stability, we found that nest success increased gradually over 
time. These increases were accompanied by a concurrent 
increase in counts of migrating salmon passing the Miles 
Lake sonar site, which have approximately doubled since 
the late 1970s (Mejjati et al. 2010). The four largest runs 
on record (> 1.2 million salmon/year) occurred 2012–2015. 
Salmon are known to provide a nutrient subsidy in fresh-
water and terrestrial environments that can affect ecosys-
tem productivity (Gende et al. 2002; Naiman et al. 2002; 
Schindler et al. 2003), and salmon carcasses serve as food 
resources for both adults and juvenile waterfowl (Gleason 
2007) and are associated with higher invertebrate densities 
(Wipfli et al. 1998; Verspoor et al. 2011). As we learn more 
about this system, the role of marine-derived nutrients in 
supporting species at higher trophic levels may become more 
clear.

Evidence of the effects of weather and climate on wild-
life populations includes mortality due to extreme events 
(e.g., Rattenbury et al. 2018), reduction in food resources 
(e.g., Rutz and Bijlsma 2006; Schmidt et al. 2018a, b), and 
phenological mismatches (Stenseth and Mysterud 2002; 
Durant et al. 2007; Post and Forchhammer 2007). Our find-
ings further suggest that the effects of reductions in resource 
access can be nuanced and interconnected, thereby playing 
an important role in determining how variation in weather 

conditions can influence population dynamics. Although the 
effects of weather we describe may be unique to our glacially 
fed system, they contribute to our collective understanding 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

 -GDD,
+Salmon

 +GDD,
-Salmon

P
ro

ba
bi

lit
y 

su
cc

es
sf

ul

GDD and salmon conditions

a

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

-GDD +GDD

P
ro

ba
bi

lit
y 

su
cc

es
sf

ul

GDD conditions

b

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

-Salmon +Salmon

P
ro

ba
bi

lit
y 

su
cc

es
sf

ul

Early salmon run strength

c

0.0

0.1

0.2

0.3

0.4

0.5

 -GDD,
+Salmon

 +GDD,
-Salmon

P
ro

ba
bi

lit
y 

hi
gh

ly
 s

uc
ce

ss
fu

l

GDD and salmon conditions

d

Fig. 2   Plots showing the probability of occurring in a particu-
lar occupancy state in relation to growing degree days (GDD) and 
salmon abundance in each of the 5 major river segments (upper Cop-
per R. = black solid, middle Copper R. = black dotted, lower Copper 
R. = solid gray, Chitina R. = dashed gray, and Bremner R. = black 
dashed). a The probability of an occupied nest being successful in 
relation to variation in both GDD and salmon abundance. b The rela-
tionship between GDD and the probability of an occupied nest being 
successful given salmon abundance is high (+ 2SD). c The relation-
ship between salmon abundance and the probability of an occupied 
nest being successful given GDD is low (− 2SD). d The relation-
ship between the probability of a nest being highly successful, given 
that it is occupied and successful, and GDD and salmon abundance. 
Because covariates are scaled, the range of the x axes covers + 2SD 
and − 2SD for each covariate. Dashed vertical lines indicate ‘average 
conditions’. Error bars are omitted for clarity
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of the importance of weather-induced changes in resource 
access (e.g., Korslund and Steen 2006; Stien et al. 2010; 
Arbeiter et al. 2016), which can play an important role in 
population dynamics. We expect that an improved mecha-
nistic understanding of how resource abundance and avail-
ability influence populations will be important for predicting 
how a variety of ecosystems may respond to current and 
future climate change.
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