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Widespread mortality of Pacific salmon Oncorhynchus spp. returning to spawn in Alaska coincided with record- breaking air tem-
peratures and prolonged drought in summer 2019. Extreme environmental conditions are expected to happen more frequently 
with rapid climate change and challenge the notion that Alaska could indefinitely provide abundant, cool freshwater habitat for 
Pacific salmon. A total of 110 geographically widespread opportunistic observations of premature mortality (carcasses) were 
collected from a variety of sources. Premature mortalities were documented for Pink Salmon Oncorhynchus gorbuscha, Sockeye 
Salmon O. nerka, Chum Salmon O. keta, Chinook Salmon O. tshawytscha, and Coho Salmon O. kisutch. Additionally, observations 
of Pink Salmon returning to spawn in Prince William Sound streams in 2019, obtained from systematic aerial surveys conducted 
annually, revealed low migration success in 87% of rain- driven streams (n = 30), 52% of snow- driven streams (n = 65), and only 
18% of glacier- driven streams (n = 11). Salmon mortality observations were consistent with death due to heat stress resulting 
from high water temperatures or drought caused hypoxia and stranding. Developing a better understanding of how broad- scale 
climate patterns manifest at the stream scale can help us determine whether a major shift in Pacific salmon productivity is under-
way and inform fisheries management plans to better mitigate future risks.

INTRODUCTION
Air temperatures have warmed more rapidly at northern lat-

itudes compared to other areas of the globe, resulting in reduced 
snow and ice across northern landscapes (Post et al. 2019). The 
consequences of these climate conditions include warming of 
freshwater habitats and shifts in the hydrograph in some loca-
tions (Hinzman et al. 2005; O’Reilly et al. 2015; Beamer et 
al. 2017; Littell et al. 2018; Pitman et al. 2020). For decades, 
biologists predicted that warming and drying of northern 
freshwaters will eventually lead to declines in coldwater fishes, 
including salmonids (i.e., family Salmonidae) throughout their 
distribution (Houghton et al. 1990; Russo et al. 2014; Schoen  
et al. 2017). In the summer of 2019, these concerns became 
tangible in Alaska when record high temperature and per-
sistent drought conditions (ACRC 2020) coincided with 
observations of Pacific salmon Oncorhynchus spp. premature 
mortality in the northern portion of their range (Figure  1). 
The annual average air temperature was 3.4°C warmer in 2019 
than the long- term average (1925– 2000; National Oceanic 
and Atmospheric Administration: www.ncdc.noaa.gov/cag). 
Drought conditions lasted 79 weeks (July 2018 –  January 2020; 
National Integrated Drought Information System: www.droug 
ht.gov) and were caused by warm air temperatures that melted 
snowpack earlier in the year and, in the southern half of 
Alaska, below normal snowpack and below normal summer 
rains (Fisher et al. 2019a; ACRC 2020).

Declines in multiple salmon populations throughout more 
southerly parts of their range in the Pacific Northwest have 
been associated in part with premature mortality caused by poor 
environmental conditions along migration corridors and on 
spawning grounds (Goniea et al. 2006; Strange 2012; Hinch et al. 
2021). Premature mortality is the death of upstream- migrating 
adult Pacific salmon before spawning and encompasses the terms 
en route mortality along migration corridors and prespawn 
mortality on spawning grounds (Bowerman et al. 2016; Keefer  
et al. 2017; Hinch et al. 2021). Warm water temperatures, low 
dissolved oxygen, or low water levels can cause high rates of pre-
mature mortality, in some cases exceeding 90% of total returning 
adults (Strange 2012; Sergeant et al. 2017; Tillotson and Quinn 
2017; Hinch et al. 2021). In Alaska, observations and studies that 
associated poor freshwater conditions and premature mortality 
do exist prior to 2019, but are more localized (Murphy 1985; 
Sergeant et al. 2017; Tillotson and Quinn 2017), and are presum-
ably due to Alaska’s cooler conditions and more abundant fresh-
waters compared to the southern portion of their range.

Our goal was to evaluate whether observed Pacific salmon 
premature mortalities in 2019 were due to atmospheric con-
ditions. The first objective was to assemble opportunistic 

observations of Pacific salmon premature mortalities during 
2019 to describe the geographic extent and species affected. 
If mortalities were in response to atmospheric conditions, we 
anticipated widespread geographic observations of multiple 
affected species. The second objective was to better understand 
how the impact of the anomalous conditions were mediated 
by local habitat conditions such as the source of streamflow 
in rivers (i.e., rain, snow, or glacier). Available data for this 
objective were categorical observations of migration success 
acquired during routine escapement surveys of Pink Salmon 
Oncorhynchus gorbuscha returning to 134 streams in Prince 
William Sound (PWS) conducted by the Alaska Department of 
Fish and Game (Morella et al. 2021). We expected that migra-
tion success would be lowest in rain- driven systems, which 
tend to dry quickly during drought conditions, and highest in 
glacier- driven systems, which tend to provide greater amounts 
of stored water from snow and glaciers (Sergeant et al. 2020).

PREMATURE MORTALITY OBSERVATIONS
Methods for Premature Mortality Observations

An observation was defined as one or more Pacific salmon 
carcasses along a migration route or an unspawned carcass 
(i.e., a carcass containing gametes) on a spawning ground. 
Carcasses along migration routes were either trapped on river-
banks, sandbars, and dried streambeds or floating in the water. 
Most observers (87%, n = 110) did not explicitly note gamete 
retention to classify a carcass as a premature mortality. Rather, 
carcass observations were presumed to reflect premature mor-
talities based on location and time of year. For example, a car-
cass found along a migration route and well downstream of a 
spawning habitat was considered a premature mortality. The 
associated data release (von Biela and Stanek 2021) specified 
which observations included confirmation of gamete retention 
from internal examination of some carcasses and which did not. 
Each observation was specific to a location, time period, and 
species such that a single observer generated multiple observa-
tions in the database when more than one species was noted.

Observations from four sources were included in the 
database: (1) the Local Environmental Observer Network 
(LEONetwork.org), initiated by the Alaska Native Tribal 
Health Consortium, which provides local observers with a plat-
form to share information that helps describe the connections 
between climate, environment, and public health; (2) reports 
to the Alaska Department of Fish and Game’s Arctic- Yukon- 
Kuskokwim Region by community members or staff; (3) social 
media reports and traditional media articles; and (4) directed 
emails from the lead author to selected individuals to assess 
whether a lack of observations from particular geographic areas 

http://www.ncdc.noaa.gov/cag
http://www.drought.gov
http://www.drought.gov
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were a true reflection of geographic scope or simply a reflection 
of biases or limitations inherent in the first three sources.

While the level of  detail varied among observations, 
all observations included identification of carcasses to at 
least genus, month, and a location (e.g., specific river, lake, 
or beach). Other observation details were sometimes col-
lected and included: additional location detail (descriptive 
narrative or latitude and longitude), number of  carcasses 
observed (estimated by order of  magnitude or counted), 

water temperature, observer name, and a website link to the 
report. If  latitude and longitude were not provided with an 
observation, they were assigned by the first author based on 
the narrative location description provided. Observations 
were grouped into one of  eight geographic regions identified 
by colloquial names that typically refer to the large river(s) or 
marine waterbodies where rivers and streams flow (Figure 2). 
All mortality observations in the database were made in riv-
ers, streams, and estuaries.

Figure 1. Maps depicting (A) 6- month air temperature rank for the Pacific salmon spawning period (May– October) in all boroughs 
(i.e., counties) in Alaska. (B) The high- pressure system associated with peak air temperatures in July 2019. (C) Drought extent for 
a representative week in July 2019. (D) Drought extent for a representative week in August 2019. For A, red indicates the warmest 
6- month period on record for each borough (record length varies from 81 to 95 years). For C and D, colored shading represents 
drought severity, with yellow being the least severe and red the most severe. Sources: Panel A was generated using the National 
Oceanic and Atmospheric Administration (NOAA) National Center for Environmental Information Climate at a Glance Mapping 
Tool (https://bit.ly/3ILtqwq), Panel B is a NOAA Climate.gov image based on the National Center for Atmospheric Research/Na-
tional Centers for Environmental Prediction Reanalysis data provided by the NOAA Earth System Reearch Laboratory Physical 
Sciences Division, and Panels C and D are from the U.S. Drought Monitor (https://bit.ly/3239zaZ).

https://bit.ly/3ILtqwq
https://bit.ly/3239zaZ
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Estimates of carcass abundance reported here were used 
only for descriptive purposes. Carcass detection and counts of 
Pacific salmon are known to underestimate actual mortality 
(Patterson et al. 2007). Not only is it difficult for observers 
to get accurate counts of visible carcasses, but carcasses sink 
and cannot be seen in large, deep, and turbid river systems 
(Patterson et al. 2007) that characterize much of Alaska, 
and can also be removed by bears and other wildlife. Carcass 
count estimates were grouped into three categories: (1) abun-
dant when ≥1,000 carcasses were reported, (2) moderate when 
≥100 and <1,000 carcasses were reported, and (3) low when 
<100 carcasses were reported. We categorized the infrequent 
observations without a carcass count as a low count.

Results for Premature Mortality Observations
We collected a total of 110 observations of Pacific salmon 

premature mortalities in 2019 (Figure  2). Only four obser-
vations (3.6%) were identified as “Pacific salmon” rather 
than a specific species. Of the remaining observations, 60 
(54.6%) were for Pink Salmon, 20 (18.2%) for Chum Salmon  
O. keta, 15 (13.6%) for Sockeye Salmon O. nerka, 6 (5.5%) for 
Coho Salmon O. kisutch, and 5 (4.5%) for Chinook Salmon 
O. tshawytscha. Observations of mortality occurred across 
many regions in Alaska, including Norton Sound, Yukon, 

Kuskokwim, Bristol Bay, Matanuska- Susitna, Cook Inlet, 
and PWS (Figure 2). Only a single observation of premature 
mortality was identified in Southeast Alaska, despite an effort 
by the authors to specifically seek out additional observations.

Most observations (89%) included an estimated carcass 
count. The number of  carcasses for a single observation 
ranged from 1 to 35,000. Overall, 53 (48.2%) observations 
estimated abundant carcasses (≥1,000). Most observations 
with abundant carcasses were of  Pink Salmon from PWS 
(47 observations) and involved drought so severe that low 
water or the absence of  water prevented individuals from 
reaching spawning grounds (Figures  3, 4). The remaining 
instances with abundant carcasses involved Sockeye Salmon 
from Bristol Bay (three observations), Sockeye Salmon from 
Matanuska- Susitna (one observation from Larson Creek), 
Chum Salmon from the Yukon (Figure 5; one observation 
from the Koyukuk River; Westley 2020), and Coho Salmon 
from PWS (Figure 6). Observers often included additional 
details they deemed important about the biophysical set-
tings associated with carcasses, including warm water tem-
perature, low water level, low dissolved oxygen, and high fish 
density.

The remaining observations were split among moderate 
(≥100 and <1,000; 24.5%) and low carcass numbers (<100; 

Figure 2. Premature mortality observations of Pacific salmon carcasses in Alaska during the summer and fall of 2019. Symbol 
color and shape denotes Pacific salmon species or alternative taxonomic groupings specified in the legend. Symbols denoting 
Chinook Salmon mortalities are slightly larger so that they remain visible, since these observations often occurred at locations 
with carcasses of another Pacific salmon species. Region names referenced in the text are shown on the map and are colloquial. 
Three regions are named for their large river(s): Yukon (outlined in light gray to separate it from Norton Sound to the north and 
Kuskokwim to the south), Kuskokwim, and Matanuska- Susitna. Four regions are named for marine waterbodies that their rivers 
and streams flow into: Norton Sound, Bristol Bay, Cook Inlet, and Prince William Sound, respectively. One region, the southern-
most portion of Alaska, is named Southeast Alaska.
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27.3%). Observations with moderate numbers of carcasses 
included Chum Salmon (29.6%) from Yukon, Bristol Bay, 
or PWS; Sockeye Salmon (29.6%) primarily from Bristol 
Bay; Pink Salmon (25.9%) primarily from PWS and Norton 
Sound; and Coho Salmon (14.8%) from Cook Inlet streams. 
Observations with low numbers included Chum Salmon 
(36.7%) primarily from the Yukon, Pink Salmon (20%) from 
Yukon and Norton Sound, Chinook Salmon (16.7%) from 
Yukon and Bristol Bay, Pacific salmon not identified to species 
(13.3%), Sockeye Salmon (10%) from Bristol Bay and Norton 
Sound, and one observation of Coho Salmon in Norton 
Sound (3.3%). A set of  11 observations of unusual mortality 
for species other than Pacific salmon were also included in the 
database.

RELATING MIGRATION SUCCESS TO STREAMFLOW SOURCE 
IN PRINCE WILLIAM SOUND

Methods for Relating Migration Success to Streamflow 
Source in Prince William Sound

In PWS, observations from a set of 134 salmon spawning 
index streams annually monitored by the Alaska Department 
of Fish and Game (ADFG; Morella et al. 2021) provided 
an opportunity to better understand how migration success 
corresponds to primary watershed runoff sources (i.e., rain, 
snow, or glacier ice). Index streams are surveyed systemati-
cally and have been used in the management of PWS Pink 
Salmon since the 1960s to monitor escapement across the 
~1,000 streams that produce Pink Salmon. Aerial surveys 
occur approximately weekly during the spawning migration 

Figure 3. Image of a Pink Salmon premature mortality obser-
vation consisting of a large number of carcasses in Hogan 
Creek (Hogan Bay), Knight Island, Prince William Sound, Alas-
ka, in early September 2019 during a field study conducted by 
the Prince William Sound Science Center. Photo credit: Brad 
von Wichman, Babkin Charters.

Figure 4. Image of a Pink Salmon premature mortality observation in St. Matthews Creek, Prince William Sound, Alaska, 2019. 
This image was taken in a tidally influenced area following a high tide event that allowed Pink Salmon to enter the lower river, 
but did not provide enough time or water for spawning or further upstream migration. This picture is representative of obser-
vations in several Prince William Sound streams during 2019. Photo credit: Charles Russell.
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months of July and August. A single biologist (C. Russell, 
ADFG) categorized migration success in each index stream as 
high, medium, or low during routine aerial overflights to index 
salmon abundance in 2019. Categories were based on com-
parisons of Pink Salmon counts associated with three loca-
tions for each stream: marine bay staging waters, the stream 
mouth, and the spawning area. Streams with high migration 
success were those where abundance in marine bay staging 
waters was similar to that in the stream mouth and spawning 
area. Streams with medium migration success had noticeably 
fewer individuals reach the spawning area compared to the 
abundance in marine bay staging waters, while those catego-
rized with low migration success had far fewer Pink Salmon 
reach the spawning area. This analysis complemented direct 
mortality observations by using aerial survey information to 
characterize migration success, not only carcass observations 
included in the observation database.

We used a Fisher’s exact test to test the hypothesis that migra-
tion success in individual streams during drought was associated 
with the primary runoff source in the watershed. From the original 
set of 134 surveyed salmon spawning index streams, we identified 
primary runoff sources for 106 streams by matching latitude– 
longitude survey positions to watershed polygons of an existing 
streamflow classification for the Gulf of Alaska coast (Sergeant 
et al. 2020). Index streams with drainage areas <5 km2 could not 
be classified and were removed from the analysis (n = 28). Rain 
source streams have hydrographs with maximum discharge in fall 
or winter; snow source streams have maximum discharge in spring 
or summer with a secondary maximum in fall; and glacier source 
streams have maximum discharge in summer without a secondary 
maximum in fall. Specific snow source classifications are based 
on differences in timing and amplitude of discharge maximums. 
Snow- II and Snow- IV source streams differ from Snow- I and 
Snow- III source streams in having larger watersheds and higher 
maximum discharges due to greater glacier areas (2– 4% vs. 0– 1%).

Because glaciers are an important and dynamic driver of 
streamflow patterns in PWS (Sergeant et al. 2020), we used 
logistic regression analysis to predict the probability of either 
reduced or high migration success. To represent a binary 
migration success outcome, we grouped low and medium 
migration success into a “reduced” migration success category 
with a binary response of 1 and assigned high migration suc-
cess a binary response of 0. Responses were compared to the 
proportion of glacier(s) present in each watershed (glm func-
tion in R statistical software [Vienna] with binomial error). 
Glacier ice spatial extent (area) in each watershed was esti-
mated using the Randolph Glacier Inventory, version 3.2 
(Pfeffer et al. 2014).

Results for Relating Migration Success to Streamflow 
Source in Prince William Sound

Migration success of Pink Salmon returning to PWS 
streams was significantly associated with a stream’s primary 
runoff source (Fisher’s exact test; P = 0.0005). Low migration 
success was observed in 87% of Rain- I streams (n = 30), 75% 
of Snow- I streams (n = 8), 41% of Snow- II streams (n = 41), 
89% of Snow- III Streams (n  =  9), and 43% of Snow- IV 
streams (n = 7). In contrast, most Pink Salmon runs return-
ing to Glacier- I streams had high migration success (82% of 
streams; n = 11; Figure 7). The proportional glacier coverage 
in a watershed was a significant predictor of binary migration 
success (high vs. reduced; P < 0.001). The inflection point of 
the logistic regression, where the probability of reduced migra-
tion success = 0.5, occurred at 18% glacier coverage (Figure 8). 
Across the 28 watersheds with some proportion of glacier ice 
coverage, 64% of Pink Salmon runs to streams with <18% cov-
erage (n = 14) were observed to have reduced migration success, 
while only 21% of Pink Salmon runs returning to streams with 
>18% coverage (n = 14) had reduced migration success. Most 
(97%) Pink Salmon runs returning to streams with no glacier 

Figure 6. Image of a Coho Salmon premature mortality obser-
vation in Ibeck Creek, Cordova Prince William Sound, Alaska, 
2019. Photo credit: Jeremy Botz, Alaska Department of Fish 
and Game.

Figure 5. Image of representative male (top) and female (bot-
tom) summer Chum Salmon carcasses from an observation 
that included more than 1,000 carcasses in July 2019 on the 
Koyukuk River, Yukon watershed, Alaska (Westley 2020). Tes-
tes and eggs were determined to be underdeveloped, which 
confirmed that mortalities were premature and en route and 
was consistent with observation location on a migration cor-
ridor and not a spawning ground. Several carcasses had signs 
of fungal growth consistent with bacterial columnaris infec-
tion. Photo credit: Stephanie Quinn- Davidson.
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ice coverage (i.e., 0%) in the watershed experienced reduced 
migration success.

DISCUSSION
The first- documented widespread Pacific salmon mor-

tality event in Alaska was related to a convergence of 
persistent climate extremes consistent with long- term 

climate warming: high temperatures, high pressure ridges, 
and drought. Opportunities for a cooling marine influence 
were reduced because marine waters were abnormally warm, 
as evidenced by the northeastern Pacific marine heatwave of 
2019 and low September sea ice extent (ACRC 2020; Amaya 
et al. 2020). Mortality observations extended from Norton 
Sound in northwest Alaska through PWS in south-central 
Alaska (~1 million km2), and included all five Pacific salmon 
species present. This geographic extent aligns with the area of 
record- breaking air temperatures and drought (Figure 1). The 
notable exception was Southeast Alaska, which experienced 
warm temperatures and drought, but had just one mortality 
observation. Conditions may have been more manageable for 
Pacific salmon returning to Southeast Alaska streams because 
the warm air temperature anomalies were more moderate and 
summer rainfall totals were higher on an absolute basis com-
pared to other regions of  Alaska (ACRC 2020).

In PWS, migration success of Pink Salmon runs was 
reduced (low and medium migration success categories) in 
nearly every rain-  and snow- driven stream (Figure  7). Low 
water and dry stream channels associated with drought con-
ditions seemed to be the primary barrier to migrating Pink 
Salmon. Drought also impacted some glacially influenced 
streams, including most streams with less than 18% glacial 
coverage in their watersheds. Reduced migration success was 
pervasive in rain- driven streams, common in snow- driven 

Figure 7. Observed summer 2019 migration success of Pink Salmon returning to streams in Prince William Sound (PWS), regularly 
surveyed for spawning salmon by the Alaska Department of Fish and Game. Colored circles indicate migration success, where 
green = high, orange = medium, and red = low. Polygons with black outlines represent individual watersheds with coastal outlets 
draining into PWS (thin line = not surveyed; thick line = surveyed). Polygon colors correspond to the primary runoff source. Bar 
chart represents counts of streams by streamflow class (as defined by Sergeant et al. 2020) that correspond with the three migra-
tion success categories.

Figure 8. Probability of reduced spawning success (high vs. 
low or medium) for Pink Salmon returning to different Prince 
William Sound streams relative to the glacier proportion in a 
watershed. Gray shading represents a 95% confidence band. 
Gray tick marks at top and bottom of the horizontal axis indi-
cates actual observations.
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streams, and rare in glacier- driven streams. Our results sup-
port the perspective that understanding the local stream-  or 
population- scale response to broad- scale climate forcing 
requires consideration of physical watershed characteristics 
as well as population- specific traits such as escapement abun-
dance and run timing.

The propensity for spawning Pacific salmon to be influ-
enced by water temperature and streamflow is well known 

(Rand et al. 2006; Quinn 2018; Dahlke et al. 2020). A recent 
meta- analysis revealed that across nearly 700 fish species, 
spawning adults had a narrower thermal tolerance with a 
cooler maximum temperature limit as compared to juveniles 
and nonspawning adults (Dahlke et al. 2020). The most likely 
cause for temperature sensitivity in spawning adults appears 
to be a reduced cardiorespiratory (aerobic) capacity associated 
with the energetic demands of gamete production (Dahlke 

Figure 9. A conceptual model contrasting different conditions associated with Pacific salmon premature mortality in Alaska 
during record heat and drought in 2019, with conditions associated with typical levels of spawning success. Map (top right) 
shows selected mortality observations in Yukon and Prince William Sound (PWS) regions from Figure 2. Pictures of Pacific salm-
on species included in mortality observations from the Yukon region (top left) and PWS region (top center). Plot panels show 
maximum (max) daily water temperature (red line) and mean daily discharge (blue line; axes have different scales), contrasting 
physical conditions in three different streams during spawning migration (gray shading is mortality observation timing; no ob-
servations in right panel). Illustrations along the bottom depict Pacific salmon spawning outcomes under three different condi-
tions. Left panel shows how prolonged, high water temperatures causes heat stress mortality of Pacific salmon when the upper 
thermal limit reached the Yukon River (water temperatures from Alaska Department of Fish and Game and discharge data from 
U.S. Geological Survey [USGS] gage station 15565447, Pilot Station; dashed line is 18°C water temperature threshold associated 
with heat stress from von Biela et al. 2020). Center panel shows representative PWS rain- driven stream where thousands of 
Pink Salmon carcasses were observed (water temperature and discharge data from USGS gage station 15215900, Glacier River, 
Cordova, glaciers actually outside this watershed). Also depicted are two ways in which drought causes hypoxia mortalities: 
(1) low and declining discharge reduced dissolved oxygen and increased crowding; (2) near zero discharge in August and early 
September inhibited upstream migration; thus, Pink Salmon entering intertidal regions on high tides or during an early Septem-
ber rain event were stranded at low tide or when the rain ended. Right panel shows representative PWS glacier- driven stream 
where Pink Salmon achieved high migration and spawning success in 2019 (water temperature and discharge from USGS gage 
station 15236900, Wolverine Creek, Whittier; gage located well above spawning areas, where water temperatures were not as 
cold). Figure design and illustration by Cecil Howell.
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et al. 2020). Cardiorespiratory capacity has been specifically 
identified as a limitation for spawning Pacific salmon in warm 
temperatures (Eliason et al. 2011) and is thought to explain 
the high rates of mortality with warm water temperatures in 
Fraser River Sockeye Salmon, as well as disproportionate neg-
ative effects on females, because they must produce energy- 
dense eggs (Quinn 2018; Hinch et al. 2021). Particularly 
difficult years for spawning salmon are occasionally apparent 
and provide examples where extreme atmospheric conditions 
resulted in particularly high mortality. For example, Pacific 
salmon spawning migrations in the U.S. Pacific Northwest 
during 2015 faced a similar set of environmental anomalies 
as Alaska in 2019, including record- breaking warm tem-
peratures, low streamflows associated with drought, and the 
2014– 2016 Pacific marine heatwave (Crozier et al. 2020). This 
resulted in almost complete premature mortality among Snake 
River Sockeye Salmon and unusually high premature mortal-
ity among Snake River Chinook Salmon (Crozier et al. 2020).

Observations reported here are part of  an emerging pic-
ture that biological tipping points are being reached for 
Alaska’s Pacific salmon, where warming switches from ben-
eficial to detrimental in some locations, years, and life stages. 
In western Alaska, evidence of  heat stress was detected in 
about half  of  spawning Yukon River Chinook Salmon sam-
pled during 2016 and 2017, when migration water tempera-
tures exceed 18°C (von Biela et al. 2020). Jones et al. (2020), 
in a south-central Alaska study, also documented the neg-
ative effects of  water temperatures above 18°C on annual 
measures of  Chinook Salmon production. Unfortunately, 
protracted periods (weeks to a month) of  summer water tem-
peratures above 18°C are anticipated to be more common 
in south- central Alaska (e.g., Matanuska- Susitna and Cook 
Inlet regions) over the next 50 years (Shaftel et al. 2020). The 
opportunistic observations we collected reinforce concerns 
raised in these studies and identify additional Pacific salmon 
populations where detrimental effects from warming may 
also be emerging.

Premature Mortality Observations
The large number of premature mortality observations, 

involvement of multiple Pacific salmon species, and wide geo-
graphic distribution of the observations are consistent with a 
response to large- scale atmospheric conditions in 2019. While 
carcass detections grossly underestimate the true levels of pre-
mature mortality, Patterson et. al. (2007) noted that anecdotal 
carcass reports provide some of the earliest indicators of en 
route losses as mortality observations often occur in runs where 
negative discrepancies between en route escapement projections 
and final spawner escapement estimates are later identified. In 
fact, other data from 2019 also indicated unusually high levels of 
premature mortality in the Yukon region where carcasses were 
observed. High en route mortality for Yukon Chinook salmon 
was consistent with a large and negative discrepancy between 
the prediction of Canadian- bound fish estimated from the lower 
river monitoring station in Pilot Station, Alaska, and estimates 
at the Canadian border, which resulted in a Canadian fishery clo-
sure (JTC 2020). Similarly, summer Chum Salmon abundance in 
the Koyukuk River portion of the Yukon was well below average 
at both the Gisasa River and Henshaw Creek weirs, which were 
located upriver from areas where many carcasses were observed 
(Brenner et al. 2020).

Several factors preclude us from drawing conclusions about 
the number of premature mortality observations associated with 

each species, since observations were opportunistic and did not 
come from a designed study. For example, carcass detection was 
likely higher for more abundant species, clearer streams, shal-
lower streams, warmer streams, and more frequented locations 
(Patterson et al. 2007). Indeed, all of these observation biases are 
present for observations of Pink Salmon, the most frequently 
reported species. Pink Salmon are far more abundant than the 
other species in Alaska (Brenner et al. 2020); there was a high 
degree of survey effort by the ADFG, and most PWS streams 
surveyed were clear and shallow since peak drought conditions 
occurred during the time spawning surveys were conducted.

Relating Migration Success to Streamflow Source  
in Prince William Sound

Conditions in the PWS region prior to and during the 2019 
Pink Salmon spawning migration were unusual, and migration 
success varied widely (Figure 7). While April snowpack condi-
tions were normal at higher elevations, snow melted early at lower 
elevations (Fisher et al. 2019a). For example, there was no snow in 
the Lowe River and Valdez in April, when normally snow depth 
would be 0.82 m and 0.71 m, respectively (Fisher et al. 2019a). Air 
temperature anomalies were warm in March and April, which 
melted snow at lower elevations, and warm from June through 
August, along with low precipitation (Fisher et al. 2019b).

Most regions of PWS include examples of Pink Salmon 
runs with high, medium, and low migration success, with high 
and low migration success streams often occurring in adja-
cent watersheds. Southern PWS’s large islands (Montague, 
Hinchinbrook, and Hawkins) were the exception, with Pink 
Salmon migration success universally reduced to low and 
medium levels. Different streamflow sources among water-
sheds reliably predicted Pink Salmon migration success. Pink 
Salmon runs to rain-  and snow- driven streams were vulnerable 
to the drought, with rain- driven systems being most vulnera-
ble. Glacier- driven streams were generally buffered from the 
drought because glacier melt water provided a more reliable 
source of streamflow. Southern PWS’s large islands have min-
imal glacier coverage and nearly all their watersheds are rain- 
driven, which explains why migration success was universally 
reduced there. Our results align with predicted climate change 
impacts, particularly increasing temperatures and drought 
severity in Arctic and subarctic watersheds that reduce the 
snowpack available for enhancing streamflow during summer 
and fall (Nilsson et al. 2015; Littell et al. 2018).

In PWS streams, Rain- I and Snow- II watersheds accounted 
for the largest number of streams with reduced migration suc-
cess. Throughout the coastal Gulf of Alaska, these two water-
shed types account for 27% of the 4,140 watersheds that have 
been classified (Sergeant et al. 2020), suggesting that stream 
response to drought conditions could have been more wide-
spread across southern Alaska. Snow- driven watersheds in 
this area are anticipated to continue shifting toward snow– rain 
transitional hydrographs through the end of the 21st century 
(Littell et al. 2018). Based on the results presented here, that 
streamflow transition would also confer a higher likelihood 
of reduced salmon migration success during summer drought 
conditions. While our analysis indicated that watersheds with 
glacier coverage greater than 18% appear to be somewhat 
buffered from low summer flows, modeling in southern coastal 
Alaska predicts the magnitude of summer flow will decrease 
as glacier volumes continue to diminish (Beamer et al. 2017; 
Pitman et al. 2020). In current times, short- term glacier melt 
can also be so rapid that it causes anomalously high flows 
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that impede migration (Valentin et al. 2018). Indeed, high 
flows in PWS’s glacierized Copper River appeared to impede 
the migration of radio- tagged Sockeye Salmon near Wood 
Canyon in 2019 and resulted in a high rate (>50%) of en route 
mortality for the component of the run migrating during mid- 
season (P. S. Rand, unpublished data).

In glaciated southern coastal Alaska (Cook Inlet through 
Southeast Alaska), two primary mechanisms have been 
described in which drought leads to adult salmon mortal-
ity despite generally cool (<15°C) freshwater temperatures: 
(1) exposure to lethally low dissolved oxygen levels due to 
reduced reaeration rates from lower water turbulence at low 
discharges and increased respiration due to high salmon den-
sity (Sergeant et al. 2017; Tillotson and Quinn 2017), and (2) 
stranding in channels that dry up as the tide ebbs (Murphy 
1985; P. S. Rand, personal observations).

Prior to 2019, observations of drought- related mortality 
occurred in just a few streams during a particular year and tended 
to involve a few thousand carcasses or fewer (C. Russell, personal 
observations). Two exceptions were 1991 and 2004, when drought 
and related mortalities were widespread within PWS (ADFG 
records reviewed by Russell). However, 2019 conditions differed 
from those in 1991 and 2004 because marine water temperatures 
were also warm and reached at least 18°C in July (R. Campbell, 
Prince William Sound Science Center; unpublished data from 
central PWS). Some Pink Salmon appeared to respond to warm 
marine water temperatures by entering cooler streams (<13°C; 
P.S. Rand, unpublished data collected above the high tide line in 
PWS streams) earlier than normal (e.g., July instead of August). 
The intensity of die- offs in some PWS Pink Salmon streams may 
also be exacerbated by high rates of straying of hatchery- origin 
fish into natural streams, which, by increasing fish density and 
dissolved oxygen demand prior to spawning, can lead to density- 
dependent hypoxia. Hogan Creek, where a significant die- off event 
was observed, is comprised mostly of hatchery- origin Pink Salmon 
(>50% during 2013– 2015; Knudsen et al. 2021), and had markedly 
higher fish densities, leading to a greater risk of premature mor-
tality among natural- origin fish than would otherwise be the case.

Synthesis
Our three plots of water temperature and discharge 

(Figure 9) show the wide range of freshwater temperatures and 
flows under warm air temperature and drought conditions that 
occurred in Alaska during 2019, and also led us to identify three 
main causes of premature mortality when examined in con-
junction with observations of carcasses: heat stress due to high 
water temperatures, hypoxia due to drought, and stranding due 
to drought. This did not occur in PWS’s glacier- driven streams, 
where glacier runoff continued to provide a cold and stable 
water source. Elsewhere in Alaska, it is likely that glacial runoff, 
as well as cool groundwater sources, provided similar successful 
outcomes for migrating and spawning of Pacific salmon.

The strongest support for high water temperature as a cause 
of premature mortality came from the Yukon region salmon 
carcass observations in conjunction with available temperature 
and discharge data (Figure 9; ADFG temperature data and U.S. 
Geological survey [USGS] discharge data at station 15565447 
from Pilot Station, Alaska). Other studies have also identified 
a heat stress response in several species of Pacific salmon in 
water near 18°C and mortalities in water ranging from 21°C to 
25°C (McCullough 1999; Strange 2010; Donnelly et al. 2020; 
von Biela et al. 2020). For Yukon River Chinook Salmon, von 
Biela et al. (2020) reported heat stress during 2016 and 2017, 

when water temperatures were less extreme than in 2019 (von 
Biela et al. 2020). In 2019, the Yukon River had a maximum 
daily water temperature >18°C for 44 consecutive days (June 13 
– July 26) and >21°C for 9 consecutive days (July 9– 17). Pacific 
salmon mortality observation dates were well correlated with 
dates when water temperatures associated with mortality were 
reached (>21°C). Mortality observations in the Yukon region 
were first reported on July 10, just 1 d after the first daily max-
imum water temperature was >21°C, while the latest mortality 
observations were made in early August, just after maximum 
daily water temperatures fell to <18°C. Other factors may have 
also contributed to mortalities, including hypoxia, reduced 
streamflow from drought, and pathogens.

The strongest support for drought as a cause of premature 
mortality was in PWS Pink Salmon carcass observations in 
conjunction with aerial survey estimates of migration success 
and stream discharge information. Stream discharge levels 
dropped through July, but high densities of Pink Salmon still 
had enough water to move into streams. This combination of 
less water and many salmon likely caused hypoxic conditions 
that led to mortality observations in July (Figure 9). By August, 
water levels were often too low for upstream movement, and 
arriving Pink Salmon appeared to congregate in cooler (<13°C) 
and deeper PWS marine waters, where they were occasionally 
visible during aerial surveys in areas of cold water upwelling. 
This pattern persisted for several weeks and delayed the typical 
timing of upstream migration. By the middle of August, Pink 
Salmon attempted to migrate upstream during diurnal high 
tides, only to be either stranded in dewatered channels near 
stream mouths or trapped in tide pools during subsequent low 
tides (Figures 4, 9). Eventually, a rain event in early September 
provided a narrow window of opportunity for Pink Salmon 
to migrate upstream, and some were able to successfully com-
plete their migration to spawning areas. The subsequent drop 
in water levels after the rain ended was associated with new 
mortality observations (Figure 9).

In contrast, high migration success was generally associ-
ated with runs into small glacier- driven PWS streams that were 
buffered or responded differently to the atmospheric effects of 
warm temperatures and drought. A water monitoring station 
just below Wolverine Glacier in western PWS demonstrated 
that glacier melt continued to provide cold, stable water tem-
peratures near 2°C and discharges well above zero (Figure 9; 
data from USGS gage station 15236900 on Wolverine Creek 
near Whitter, Alaska; upstream of spawning grounds).

Despite the drought, return of  PWS Pink Salmon from the 
2019 brood in 2021 was above average for wild stocks (ADFG 
preliminary data for 2021 season). Both adaptive man-
agement decisions and biological compensatory responses 
potentially facilitated PWS Pink Salmon recruitment success 
despite an uncertain 2021 forecast (Brenner et al. 2021). After 
detecting premature mortality early in the 2019 fishing sea-
son, managers limited harvest at critical times to provide 
more opportunity for fish to successfully migrate and spawn 
during drought conditions (Russell, unpublished data). This 
provides an example of  how proactive management can adapt 
to benefit fish populations experiencing unusual environmen-
tal conditions. However, major drivers of  salmon population 
dynamics, like compensatory processes (e.g., density depen-
dence and competitive interactions) and favorable ocean con-
ditions, almost certainly contributed to improved recruitment 
and led to a relatively strong return in 2021. Among other 
species with premature mortality observations, generations 
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times are longer and outcomes from the 2019 brood are not 
yet known.

Extreme heat and drought events are often viewed as win-
dows into the future (Russo et al. 2014; Crozier et al. 2020). 
Observations from 2019 may prove to be one early warning of 
widespread shifts in Alaska’s Pacific salmon production, given 
some recent studies on future water temperature and salmon 
production. First, watersheds with near optimal water tem-
peratures over the past several decades are projected to warm 
beyond lethal limits of  Pacific salmon within the next 50 years 
(Shaftel et al. 2020). Second, there is already evidence of 
declining population productivity with increasing water tem-
perature in southcentral Alaska’s warmest watersheds (Jones 
et al. 2020). Third, there is some evidence that warming will 
increase Pacific salmon production in rivers and streams that 
have been historically below thermal preferences (e.g., Schoen 
et al. 2017; Jones et al. 2020). Fourth, there is evidence that an 
increasing number of Pacific salmon will encounter challeng-
ing environmental conditions in marine as well as freshwater 
habitats as climate warming proceeds. Marine conditions are 
known to influence Pacific salmon production with warmer 
oceans previously linked to higher production in Alaska 
(Mueter et al. 2002), but more recent evidence hinting that 
extremely warm ocean conditions are problematic (Carey 
et al. 2021). More frequent extreme warm ocean conditions 
are anticipated (e.g., Pacific marine heatwaves in 2014– 2016 
and 2019; Amaya et al. 2020). This is particularly concerning 
because it would likely lower productivity more than if  stress-
ful conditions were limited to either marine or freshwaters.

Federal and state agencies, tribal organizations, nonprofit 
organizations, and citizen scientists are already working to 
maintain and increase the capacity to monitor water tem-
perature, streamflow, and fish populations across Alaska’s 
expansive and remote landscape. Mortality observations can 
continue to be reported via the LEO Network (LEONetwork.
org). These efforts are an important step to better detect and 
prepare for long- term fisheries change and inform habitat 
conservation efforts at local and regional scales. However, 
systematic sampling of  en route and prespawn mortality is 
extremely limited in Alaska and not easily implemented in 
most of  Alaska’s remote salmon spawning habitat that lack 
road access. Instead, researchers may need to validate new 
biomarkers or models that predict premature mortality from 
environmental conditions with the goal of  developing alter-
native tools for monitoring premature mortality. Increased 
opportunities for data sharing and organized repositories 
(e.g., waterdata.usgs.gov and the anticipated AKTEMP 
water temperature repository from the Alaska Center for 
Conservation Science) can improve the utility of  all these 
data sources, and will help fishery scientists and managers 
determine whether a major shift in Pacific salmon productiv-
ity is underway. A shift in the abundance of  Pacific salmon 
would be a significant disruption for communities that 
depend on salmon to sustain their culture, food security, and 
local economy.
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