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Abstract
Each winter, thousands of bald eagles (Haliaeetus leucocephalus) from across western North
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America migrate to Pacific Northwest rivers to feed on the carcasses of post-spawning chum
salmon (Oncorhynchus keta). However, declining salmon populations and impacts of climate
change are reducing the availability of salmon carcasses as a wintering food source for eagles.
The ability of eagles to adjust to these impacts is crucial to their survival, and their responses are
currently unknown. I hypothesized that eagles are responding by redistributing to non-river
habitat in search of alternative food sources. Specifically, I examined the redistribution of overwintering eagles from river habitat to nearby agricultural areas in response to seasonal declines
in carcass availability. Over two consecutive winters, I conducted weekly eagle surveys on a 30km stretch of the Nooksack River and a 22.5-km stretch of farmland northwest of the river. I
examined the association between salmon carcass distribution and eagle abundance on the
Nooksack River, and evaluated the temporal relationship between eagle abundance on the
Nooksack River versus neighboring farmland. I found a strong negative association between
eagle abundance on the river versus adjacent farmland, and observed eagles primarily
concentrated near dairy farms and waterfowl rafts. My results suggest that eagles are responding
to declining carcass availability by redistributing to non-river habitat in search of alternative food
sources, and that a substantial fraction may migrate to agricultural areas.
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Introduction
Wildlife face new challenges for survival from climate change, habitat loss, and numerous other
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anthropogenic stressors (Bellard et al. 2012, Mantyka-Pringle et al. 2012, Grimm et al. 2016).
While many of the direct impacts to species distribution, abundance, or phenology are readily
detectable, these changes can result in complex trophic interactions, forcing other species to
respond in ways that are poorly understood (Gilman et al. 2010, Pacifici et al. 2017, Damien and
Tougeron 2019). The role of apex predators is particularly complex; they are susceptible to
bottom-up effects of environmental change, and their responses can drive trophic cascades that
may alter ecological communities (Gilman et al. 2010, Estes et al. 2011, Moseby et al. 2019,
Laidre et al. 2020). This holds true for the bald eagle (Haliaeetus leucocephalus), a culturally
and ecologically important apex predator in North America.
Each winter, bald eagles from across western North America migrate to salmon-spawning rivers
in the Pacific Northwest, originating from breeding areas as far north as the Yukon Territory
(Watson and Pierce 1997). This energy-intensive journey is rewarded by an abundant and
concentrated food source in the form of spawned chum salmon (Oncorhynchus keta) carcasses
(Servheen 1975, Hunt et al. 1992, Dunwiddie and Kuntz 2001, Rubenstein et al. 2018). After
swimming many miles upstream, chum salmon complete their anadromous life cycle by
spawning and dying, yielding important marine-derived nutrient subsidies that support large
congregations of eagles during cold winters (Willson et al. 1998, Cederholm et al. 1999, Gende
et al. 2002, Elliot et al. 2011). The Skagit River, draining a 687,965 ha area of the Cascade
Range, has historically hosted the largest of these congregations within Washington State;
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however, over-wintering eagle abundance on the Skagit River has declined by roughly half over
the last three decades, largely influenced by impacts of climate change on declining salmon
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carcass availability (Dunwiddie and Kuntz 2001, Rubenstein et al. 2018).
Eagle declines are strongly linked to changing salmon phenology as a consequence of climate
change (Rubenstein et al. 2018). Specifically, warming temperatures have caused salmon to
spawn earlier, advancing at a rate of nearly half a day per year since 1980. This has altered the
relationship between salmon runs and the timing of winter first floods, or the first series of highflow events on a river following heavy winter precipitation. Historically, pre-spawning chum
salmon would migrate upriver during first floods and spawn after floods had receded. However,
chum salmon are increasingly beginning to spawn, die, and wash onto sediment banks before
first floods occur. This quickly flushes many carcasses downriver where they are no longer
concentrated or easily accessible to eagles, reducing their availability as an abundant food
source.
Steady declines in salmon escapement (number of returning spawners) have dramatically
decreased total carcass availability as well. Total chum salmon escapement on the Skagit River
has declined by approximately 30% since the earliest records in 1968, and the more productive
even-year runs have declined by approximately 66% (Rubenstein et al. 2018). Human
disturbances also indirectly influence the availability of salmon carcasses for eagles; Stalmaster
and Kaiser (1998) found that eagle feeding activity on the Skagit River was reduced by 35% due
to outdoor recreational activity. Human disturbances delay eagle consumption of salmon
carcasses, allowing more time for carcasses to be eaten by other scavengers (Skagen et al. 1991),
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decompose (Stalmaster and Gessaman 1984), or be washed away (Stalmaster 1983, Rubenstein
et al. 2018). Warming temperatures due to climate change also cause salmon carcasses to
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decompose more rapidly, leading to a projected 12 to 13% decrease in available carcass biomass
by 2050 (Harvey et al. 2012b).
Although environmental factors that reduce carcass availability and resultant changes in eagle
abundance are well documented, eagle behavioral and foraging responses remain less studied.
Eagles are known to be highly mobile throughout the winter, moving locally between rivers in
search of areas where salmon carcasses are most abundant (Hunt et al. 1992, Watson and Pierce
1997). Some eagles are known to forage among the bays, estuaries, and coastal flats of the Salish
Sea during the winter (Hunt et al. 1992, White et al. 2006), while others have been found to
forage among landfills and composting facilities (Elliot et al. 2006, Turrin et al. 2015, Yeung
2017). I hypothesized that eagles on rivers in the north Puget Sound of Washington respond to
declining carcass availability by redistributing locally to non-river habitat, specifically
agricultural areas, in search of alternative food sources. Eagles have been observed utilizing
agricultural areas to feed on chickens and other small livestock (Matthews 2016), as well as
over-wintering waterfowl (Griffin et al. 1982, Watson et al. 1991, Hunt et al. 1992) which
congregate in agricultural areas to feed on post-harvested crops and raft in flooded fields. With
more than 5.9 million ha of farmland in Washington State, these areas are expansive and highly
accessible to eagle populations (USDA 2019).
To examine this potential response, I surveyed eagles on the Nooksack River, a productive chum
salmon-spawning river just north of the Skagit River in western Washington State. On the same
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days, I surveyed eagles along a stretch of agricultural land northwest of the Nooksack River and
examined the association between eagle abundance on the river versus farmland in response to
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changes in salmon carcass availability throughout the winter.
Methods
The Nooksack River is approximately121 km long, draining a 215,000 ha area of the Cascade
Mountain Range located near Mount Baker, Washington, in Whatcom County (USGS 2005).
The river begins in three main forks within the Mount Baker-Snoqualmie National Forest before
flowing through rich agricultural areas and emptying into Bellingham Bay. Whatcom County
contains about 40,470 hectares of agricultural land used primarily for producing hay/silage,
berries, cereal grain, pasture, and dairy (USDA 2017, WSDA 2020a). Winters along upper parts
of the river are characterized by prolonged cloud cover, heavy precipitation, and average
temperatures between –1 °C and 8 °C. Although a much smaller river than the Skagit, the
Nooksack River’s chum salmon escapement has exceeded the Skagit’s for 6 of the last 9 years
(i.e., 2011 through 2020), and has remained relatively stable over the last half-century (WDFW
2020).
Over two consecutive winters between 2018 and 2020, I surveyed eagles on a 30-km stretch of
the North Fork Nooksack River between Deming and about 6 km upstream of Maple Falls,
Washington (lat 48.8986, long –122.1361). I repeated surveys conducted by Stalmaster (1976)
and Hansen (1977) using 21 census points, each spaced about 1.6 km apart (Figure 1). Surveys
were conducted weekly for 11 weeks each winter between 01 December and 01 March. On the
same days, I surveyed a stretch of agricultural land along a 22.5-km driving-route located
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northwest of the Nooksack River (lat 48.9444, long –122.3202). This route was determined
based on its accessibility from the Nooksack River and proximity to agricultural land. Binoculars
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with 10 × 42 magnification were used for eagle spotting and identification.
I surveyed the Nooksack River using protocols developed by Stalmaster (1976) and Hansen
(1977). Two observers visited each survey point between 0900 and 1500 hours, recording the
presence, behavior (feeding/perched/flying), location (ground/perch), and age class
(adult/subadult/unknown) of every eagle detected upriver and downriver from each survey point.
I recorded the presence or absence of salmon carcasses at each census point to determine the
relative distribution of carcasses throughout the river (i.e., number of census points with
carcasses present each survey).
I surveyed agricultural areas by driving along a designated survey route; one person drove along
the predetermined route while two observers (one on either side of the vehicle) recorded the
presence, behavior, and age class of every eagle detected. Eagles were generally visible up to
500 m from the road, but sight distance was variable throughout the survey route. We paid
careful attention to ensure that individual eagles were not counted multiple times, particularly at
the northern end of the route. We also avoided counting eagles near the river at the southern part
of the route, though the river was generally not visible along this stretch. Agricultural surveys
occurred on the same day as river surveys, always between 1300 and 1600 hrs. Eagles are
thought to feed most heavily in the morning when river surveys were conducted, potentially
underestimating eagle abundance on farmland which was surveyed in the afternoon. However,
this was not thought to influence overall trends in recorded abundance.
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I computed Pearson correlation coefficients to examine the associations between 1) eagle
abundance versus carcass distribution on the Nooksack River, and 2) eagle abundance on
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farmland versus eagle abundance on the Nooksack River. I transformed all data using Tukey’s
ladder of powers transformation to satisfy normality assumptions of the correlation analysis. I
performed all analyses using R (version 3.4.0; R Core Team 2017).
Results
I recorded a peak abundance of 631 eagles on the North Fork of the Nooksack River in the 2018
to 2019 season and 475 eagles in the 2019 to 2020 season (Figure 2). Throughout my surveys on
the Nooksack River, 76% of all eagle detections were adults and 23% sub-adults; only 1% were
unidentifiable by age class, either due to quick flight responses or poor visibility. Peak eagle
abundance occurred on 19 December during the 2018 to 2019 season, and 23 December during
the 2019 to 2020 season.
Total eagle abundance on the Nooksack River was positively correlated with the distribution of
salmon carcasses throughout the river (r = 0.89, P < 0.001). I recorded the greatest presence of
carcasses on 19 December during the 2018 to 2019 season, and 08 December during the 2019 to
2020 season. Following the first series of high-flow events on 17 December in 2018 and 21
December in 2019, the presence of salmon carcasses diminished substantially. As carcasses were
flushed downriver, eagle abundance on the Nooksack River sharply declined (Figure 3).
As eagle abundance on the Nooksack River declined, eagles became increasingly abundant on
farmland (Figure 3). Eagle abundance on farmland was negatively associated with the abundance
of eagles on the Nooksack River (r = –0.90, P < 0.001). I recorded a peak abundance of 47
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eagles along the agricultural survey route on 10 February 2020. Out of all eagles detected on
farms during this study, 63% were adults, 31% sub-adults, and 6% unknown; 74% were
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observed perching, mostly on mature trees, telephone poles, barns, and other human
infrastructure; 10% were feeding or on the ground, most commonly seen outside dairy farms or
in crop fields; and 16% of all eagles were detected in flight.
Eagles seemed to concentrate in different areas that varied by day. However, the greatest density
of eagles was consistently in proximity to dairy farms or waterfowl (Anatidae) rafts. On dairy
farms, I commonly observed eagles feeding on what I presume to be the expelled fetal
membrane, or cow afterbirth, of dairy cows. I observed as many as 11 eagles in a single
deciduous tree neighboring a dairy farm, as well as 5 eagles feeding on the ground next to a dairy
farm facility. Eagles commonly perched in trees above areas where waterfowl were abundant.
Over the course of our study, 6 eagles were observed feeding on what I presumed to be
waterfowl carrion. Twice I observed eagles attacking ducks rafting in ponds and flooded fields.
In one instance, I observed 9 eagles on the ground in a crop field surrounding 2 eagles feeding on
unknown carrion.
Discussion
My results suggest that the utilization of agricultural areas may be an important survival strategy
for eagles during the late winter. My survey route covered approximately 5 to 10% of
agricultural land in Whatcom County, where peak eagle abundance represented 10% of the peak
abundance recorded on the Nooksack River in the same season. It is likely that my surveys
underestimate the extent of this habitat shift, as I did not survey all agricultural areas and many
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eagles were missed during my surveys due to distance from the road or location behind/around
farm infrastructure. However, factors influencing eagle abundance in other agricultural areas
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may include differences in land-use and/or distance from initial river feeding grounds.
I observed that eagles were particularly attracted to dairy farms within agricultural areas. These
facilities evidently provide alternative food sources, such as cow afterbirth, that support eagles
once salmon carcasses are no longer available. My survey route was in proximity (about 0.5 km)
to 15 licensed grade-A dairy milking facilities, comprising only 16% of the total within
Whatcom County. There are over 30 additional licensed grade-A dairy milking facilities in
Skagit County, and over 322 facilities in Washington State. Thus, these facilities may support a
significant proportion of over-wintering eagles beyond the scale of my study.
The responses I recorded reflect a broader theme—that eagles adjust to declining salmon carcass
availability by redistributing to non-river habitats during the winter (Figure 4). For both winters
that I surveyed, peak eagle abundance on the Nooksack River occurred approximately a month
earlier than recorded between 1974 and 1981 (Figure 5). This is consistent with the results of
Rubenstein et al. (2018), suggesting that impacts of climate change on eagle-salmon phenology
and carcass availability demonstrated on the Skagit River are also occurring on the Nooksack
River. As climate-induced changes in salmon phenology continue to reduce the availability of
salmon carcasses in the Pacific Northwest, eagles may increasingly rely on agricultural areas and
other non-river habitats for provisioning of winter food sources.
Declining salmon carcass availability may force eagles to expend more energy to locate
alternative food sources across a larger geographic extent. This may include increased movement
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to coastal areas (Hunt et al. 1992, White et al. 2006), urban landfills (Elliot et al. 2006, Turrin et
al. 2015, Yeung 2017), or between rivers in search of carcasses that are decreasing in availability
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(Watson and Pierce 1997, Stinson et al. 2001). Such habitat shifts may reduce eagle survival
during the winter. Elliot et al. (2011) found that eagle mortality in south-coastal British
Columbia is greatest in the late winter, likely due to reduced salmon stocks, forcing eagles to
exploit more marginal prey supplies. Other possible consequences of these habitat shifts
affecting eagle energetics and survival may include decreased beneficial social feeding behavior
(Knight and Knight 1983, Stalmaster and Gessamen 1984, Knight and Knight 1986), the use of
sub-optimal roosting habitat (Hansen 1977, Stalmaster 1983, Stalmaster and Gessamen 1984), or
increased exposure to human disturbances (Stalmaster 1983, Stalmaster and Gessamen 1984,
Knight and Knight 1984, Stalmaster and Kaiser 1997, Stalmaster et al. 1998, Elliot et al. 2011).
Increased use of non-river habitats may also alter food-web dynamics in surrounding
ecosystems. Bald eagles are apex predators capable of depleting populations of seabirds
(Hayward et al. 2010, Harvey et al. 2012a, Henson et al. 2019), terrestrial mammals (Hayward et
al. 2010, Hudgens et al. 2011), waterfowl (Griffin et al. 1982, Watson et al. 1991, Elliot et al.
2011), and other prey resources. A distributional shift to agricultural areas, for example, may
increase predation of over-wintering waterfowl, domestic animals, or other species that reside in
these areas, and may intensify human-wildlife conflicts (McPherson et al. 2015, Matthews 2016,
Aráoz 2017, Ma et al. 2020). More studies are needed to better understand the direct impacts and
broader implications of these responses, and how these responses may apply more broadly to
other species and areas.
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Lastly, it is important to highlight the large increase in eagle abundance I recorded on the
Nooksack River compared to historical surveys. In 2018/2019 and 2019/2020, I recorded an
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abundance 6.5 times and 4.9 times greater than peak abundance recorded between 1974 and
1981, respectively (Figure 2). Although these abundance increases might be expected based on a
total population increase over the last half-century (Stinson et al. 2001, USFWS 2020), this
strongly contrasts with the dramatic declines in eagle abundance recorded on the Skagit River
(Rubenstein et al. 2018). This dissimilarity is likely explained by divergent trends in chum
salmon escapement, ultimately driving differences in salmon carcass availability between rivers.
While chum salmon escapement on the heavily altered Skagit River has receded to all-time lows
(Rubenstein et al. 2018), chum salmon escapement on the Nooksack River has remained
relatively stable (1967 through 2020) (WDFW 2020) and may support a greater proportion of
eagles within the region.
Improving our knowledge of eagle behavior on farms, the potential for human-wildlife conflicts,
and the importance of other wintering food sources and habitats may be critical for future
management of eagle populations. Although eagles may adjust to declining carcass availability
by redistributing to non-river habitats, the cultural and scenic value of eagle congregations on
rivers should not be dismissed. Protecting and restoring salmon populations, decreasing human
disturbances, and mitigating impacts of climate change remain top priorities for conserving eagle
congregations in the Pacific Northwest.
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Figure Captions
Figure 1.

Map of survey points and survey route along the Nooksack River and farmland,
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respectively. Agricultural zoning sourced from Whatcom County (2017). Dairy farm locations
represent only grade-A licensed cow milk dairy milking facilities, sourced from WSDA (2020b).
Figure 2.

Eagle abundance (number of individuals) on the Nooksack River relative to the

timing of recorded peaks. The timing (date) of week zero differs by year. Survey results for 1974
to 1976 and 1976 to 1977 were from Stalmaster (1976) and Hansen (1977), respectively. Surveys
from 1980 to 1981 were excluded due to differences in areas surveyed.
Figure 3.

Timing of eagle and salmon carcass peaks during the (a) 2018 to 2019 and (b)

2019 to 2020 winters. Values were normalized as a fraction of maximum value. Vertical dotted
lines delineate the timing of initial high-flow events on the river.
Figure 4.

Visual summary of the mechanisms driving bald eagle habitat shifts in the Pacific

Northwest. Declining salmon populations and impacts of climate change are reducing the
availability of salmon carcasses during the winter, forcing eagles to leave historical feeding
grounds in search of alternative food sources at non-river habitats such as agricultural areas.
Illustration by Sage Pollack.
Figure 5.

Timing of eagle abundance peaks for surveys conducted between 1976 and 2020

on the Nooksack River (Stalmaster 1976, Hansen 1977, Knight and Knight 1983). Vertical lines
delineate timing of peak abundance for a given winter. Abundance values were normalized as a
fraction of maximum value for each winter. Weekly data from 1974 to 1975 surveys were not
available, but the peak was reported at 23 January 1975.
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