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For millennia, Inuit peoples of the Arctic and Subarctic have been challenged

by the impacts of climate change on the abundance of key subsistence species.

Responses to climate-induced declines in animal populations included switching

to alternative food sources and/or migrating to regions of greater availability.

We examine these dynamics for the Chugach Inuit (Sugpiat) people of southern

coastal Alaska by synthesizing a large body of evidence from archeological

sites, including radiocarbon dates and archaeofaunal assemblages, and by

applying contemporary knowledge of glaciomarine ecosystems, spatial patterns

of resource richness, and ocean-climate induced regime shifts in the Gulf of

Alaska. We hypothesize that Chugach groups migrated from Cook Inlet and

Prince William Sound to the Kenai Peninsula during periods of low sea surface

temperatures (SSTs) to harvest harbor seals, which were seasonally aggregated

near tidewater glaciers during pupping season, as well as piscivorous seabirds,

Pacific cod, and other species that thrive under cool ocean conditions. During

warming phases, the Chugach returned to Cook Inlet and Prince William Sound to

fish for salmon and other species that abound during higher SSTs. Drivers of this

coupled human-natural system of repeated (pulse) migration include the Pacific

DecadalOscillation (PDO), the dominant pattern of sea surface temperatures in the

North Pacific that has been shown to generate step-like regime shifts in themarine

food web; and coastal glaciers that structure the functioning of fiord ecosystems

and support high levels of biological productivity. The culturally-constructed

Chugach niche in the glaciomarine habitat of the Gulf of Alaska was based on

intergenerationally transmitted ecological knowledge that enabled a resilient,

mobile response to climate and resource variation.

KEYWORDS

climate change, migration, Inuit, resilience, glacial fiord, glaciomarine ecosystem, human

niche construction, Alaska

Introduction

Abrupt migrations and regional abandonments have occurred throughout Arctic and

Subarctic culture history, and while long attributed primarily to climate change, recent

perspectives from cultural ecology and coupled human-natural systems research foreground

Inuit knowledge and agency in initiating these events (Desjardins and Jordan, 2019; Fitzhugh

et al., 2019; Desjardins, 2020; Friesen et al., 2020). Holocene climatic variation and core
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characteristics of high latitude ecosystems including short food

chains, geographic heterogeneity, and rapid cycles of animal

abundance and decline necessitated modes of Inuit adaptation that

were flexible, resilient, and mobile (Krupnik and Crowell, 2020).

Thus, Late Dorset (Paleo-Inuit) populations migrated in 800–1000

CE from Foxe Basin to Ellesmere Island, Victoria Island, and

Labrador, coinciding with elevated temperatures of the Medieval

Warm Period and range shifts in walrus and caribou populations

(Friesen et al., 2020). Thule Inuit migrated from Alaska across

Canada to Greenland ca. 1250 CE during the early Little Ice Age

when sea ice was increasing but bowhead whales—amainstay of the

Thule economy—were abundant in the Eastern Arctic (Mathiassen,

1927; Friesen and Arnold, 2008; Friesen, 2016; Mason, 2020). As

temperatures further declined and sea ice blocked whaling, Thule

groups turned to caribou, muskoxen, char, and ringed seals taken at

their breathing holes or settled around open-water polynyas where

walrus were available (Maxwell, 1985; Desjardins, 2020).

These examples illustrate a critical choice that confronted

northern human foragers during periods of climate change—

whether to remain in place and “prey-switch” to alternative food

species, or to migrate where key animals were becoming more

abundant. The latter choice, when repeated, is pulse migration—

successive movements into and away from a region in phase

with climatic and resource cycles, often mediated by interaction

with other Indigenous groups or in later times with colonial

settlers, whalers, and traders (Hastrup et al., 2018a; Fitzhugh, 2019).

For instance, in Northwest Greenland, cyclical Inuit migrations

and shifts in subsistence strategies were governed by centennial

and decadal climate fluxes affecting the North Water, a polynya

between Ellesmere Island and Northwest Greenland (Vibe, 1967;

Grønnow, 2017; Hastrup et al., 2018b; Ribeiro et al., 2021). On

the coast of Labrador, ancestral Inuit populations expanded south

during cold North Atlantic phases to follow harp seals at the sea

ice margin, retreating north during warmer periods (Fitzhugh,

1972, 1977, 2020). On the Melville Peninsula, Thule populations

moved between maritime and continental environmental zones

to maximize access to resources during climate shifts (Finkelstein

et al., 2009).

Herein we present a previously unidentified example of pulse

migration in the western Subarctic—Chugach (Sugpiat) territorial

expansion and contraction on the Gulf of Alaska coast linked with

interdecadal to centennial-scale climate variability. The Chugach

are a southern Alaska Native people of Inuit ancestry whose

homeland includes Kachemak Bay in lower Cook Inlet, the Kenai

Peninsula, and Prince William Sound (Crowell et al., 2001)

(Figure 1). Today about 1,200 Chugach tribal members reside in the

communities of Nanwalek, Port Graham, Seldovia, Chenega Bay,

Tatitlek, Valdez, and Cordova, engaging in subsistence economies

based on over 50 varieties of marine and terrestrial foods (Stanek,

1985; Stratton and Chisum, 1986; Fall, 1991). Subsistence practices

have varied over the last 5,000 years or more, focusing on

different suites of coastal fauna (De Laguna, 1956, 1975; Yesner,

1992; Workman, 1996, 1998; Yarborough and Yarborough, 1998;

Yarborough, 2000).

We present new field data and an extensive compilation of

radiocarbon dates to document Chugach migration to the Gulf

of Alaska coast of the Kenai Peninsula (hereafter, the Kenai

Coast) from Kachemak Bay and Prince William Sound at various

times during the Late Neoglacial Period (0–900 CE), Medieval

Warm Period (900–1100 CE), and Little Ice Age (1100–1900

CE) and synthesize multidisciplinary data from published or

otherwise publicly available sources to assess climatic variation and

changes in marine biota as potential drivers of these population

movements.We hypothesize that during intervals of low sea surface

temperatures (SSTs) Chugach populations relocated to Kenai Coast

villages to subsist on harbor seals, Steller sea lions, murres,

puffins, Pacific cod, and other fauna that thrive under cool ocean

conditions, and that they returned to Kachemak Bay and Prince

William Sound during warm cycles when these species decline and

salmon increase along with halibut and other high-value fish. Other

potential drivers of these movements include cataclysmic natural

events (volcanism and earthquakes) and interaction with Russian

and American trading companies. We conclude that Chugach

pulse migration was a mobile, resilient response to climatic

and environmental change and was a product of human niche

construction (HNC), based on the intergenerational transmission

of ecological and historical knowledge (Laland and O’Brien, 2010).

Materials and methods

To validate the climate-coupled pulse migration model, we

characterize differential access to marine food resources in the

Chugach region. Crowell et al. (2012) developed a GIS model to

examine the spatial correlation of archaeological sites and modern

harvest locales for 23 subsistence species in the central Gulf

of Alaska from the Alaska Peninsula to Prince William Sound,

including Kodiak Island (Table 1). The study area encompassed

17,000 km of shoreline divided for the analysis into 6,800 2.5

km-long segments on which there are 1,959 known Indigenous

archaeological villages and camps. Sites in the sample dated

to the Ocean Bay (5500–1500 BCE), Kachemak/Palugvik (1500

BCE−1100 CE), and Koniag/Chugach (1100 CE–present) cultural

phases (Clark, 1984; Mills, 1994; Reger and Boraas, 1996). Numbers

of harvest locales accessible from each segment were computed

using GIS buffers. Locales traditionally accessed by kayak such as

harbor seal and sea lion haulouts, bird rookeries, and pelagic fishing

areas were enumerated within a 10-km radius from any point on

the segment, while anadromous fish streams were counted within

a 1-km radius, reflecting the cultural pattern of establishing fishing

camps at those locations. Resource density or “richness” scores—

the sum of accessible harvest locales for all species—were computed

for each segment. The 23 resource variables were reduced to six

factors explaining 65% of the total resource variation at the 6,800

segments and were highly predictive of site density.

To identify spatial patterns of species richness in the northern

Gulf of Alaska, we summarize data on birds and marine mammals,

including 33,557 transect segments sampled between 1975–2022 in

the North Pacific Pelagic Seabird Database (Drew et al., 2005) and

benthic fish in 2,883 bottom trawls sampled between 1984–2019

during NOAA Alaska Fisheries Science Center groundfish bottom

trawl survey (https://www.fisheries.noaa.gov/alaska/commercial-

fishing/alaska-groundfish-bottom-trawl-survey-data, accessed on

12/28/2022). To accommodate plotting of indices on the same

scale, for each sample and taxa group we normalize the index

by subtracting the mean and dividing by the standard deviation.
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FIGURE 1

The Chugach region of southcentral Alaska showing topography, archaeological sites, contemporary Chugach communities, and migration routes

(blue arrows) linking Kachemak Bay, the Kenai Coast, and Prince William Sound. Base map from National Geographic MapMaker (c) National

Geographic Society.

For each taxon, we summarize the mean species index anomalies

within 25 × 25 km hexagonal cells overlaid across the extent of

the samples.

To infer the influence of changes in climate conditions on past

human use of marine resources, we examine cool and warm periods

identified by Pacific Decadal Oscillation (PDO) reconstructions

(Gedalof and Smith, 2001) and proxy studies of air temperatures

(Wiles et al., 2014) and water temperatures (Praetorius et al., 2015;

Helser et al., 2018). The PDO is the dominant pattern of sea surface

temperature in the North Pacific (Mantua et al., 1997), whereby

strong ocean-atmospheric covariation results in positive (warm)

and negative (cool) phases accompanied by step-like alternations

in the predominance of various species in the marine food web

(Anderson and Piatt, 1999; Benson and Trites, 2002; Overland

et al., 2008; Rogers et al., 2013; Litzow and Mueter, 2014). Similar

large amplitude trends in the abundance of faunal classes attend

centennial-scale climatic phases (Finney et al., 2002; Maschner

et al., 2008; Fitzhugh et al., 2022). Due to known variability in

marine community response to the PDO over time (Litzow et al.,

2019), we used local SST and air temperature reconstructions for

their relevance to conditions in the Gulf of Alaska.

To document pulse migrations of ancestral Chugach

populations of Kachemak Bay and Prince William Sound to

the Kenai Coast during cooler climatic intervals and away

from it during warmer intervals we compare climate data and

radiocarbon dates from the three areas, dendrochronologically

calibrated using the Oxford University OxCal program (Version

4.4, https://c14.arch.ox.ac.uk/oxcal.html; Supplementary Table S1).

Dates are presented with two standard deviation error ranges

(totaling 95.4% probability) and median intercept dates. All dates

are on wood charcoal. Species identifications have been reported

for <5 samples, posing the risk of overestimating age by dating

charcoal from the inner growth rings of long-lived species such as

Sitka spruce (Picea sitchensis).

We interpret temporal gaps in dates as evidence of

abandonment and population movement between areas, defining

gaps as intervals of at least 100 years with ≤1 median intercepts.

All known (published and unpublished) dates from the region

with median calibrated ages of 2,000 years or less (n = 172)

are included (Workman, 1977; Workman et al., 1980, 1993,

1998; McMahan and Holmes, 1987; Dotter, 1988; Workman and

Workman, 1988; Boraas and Klein, 1989, 1992; Haggarty et al.,

1991; Reger et al., 1991; Yarborough, 1992, 1997; Dekin et al.,

1993; Yarborough and Yarborough, 1996; Martin, 2004). We also

interpret apparent population shifts between the three study areas

by using numbers of radiocarbon dates as a coarse population

proxy and comparing those data to estimated air temperatures for

each calendar year from 800 CE to 2010 CE (Wiles et al., 2014).

We use cross-correlation to statistically test the strength of this

relationship and to account for time lags between climate signals

and population movements.

To ground truth our model of Chugach migration and

resource use on the Kenai Coast we present results of field

studies of the glaciomarine ecology (Arimitsu et al., 2010, 2012)

and archaeology (Crowell and Mann, 1998; Crowell et al., 2008)

of two glacial fiords, Harris Bay and Aialik Bay, in Kenai

Fjords National Park. We describe the ecosystem structure of the

fiords based on oceanographic surveys, chlorophyll-a reflectance

measurements, acoustic-trawl surveys for zooplankton and forage

fish, and surveys of marine birds and mammals, demonstrating
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TABLE 1 Layers and source data for GIS analysis of archaeological sites

and subsistence resources in the Gulf of Alaska (Crowell et al., 2012).

GIS layer Source

Archaeological sites Alaska Office of History and Archaeology

King salmon Alaska Department of Fish and Game, 2022

Sockeye salmon Alaska Department of Fish and Game, 2022

Coho salmon Alaska Department of Fish and Game, 2022

Chum salmon Alaska Department of Fish and Game, 2022

Pink salmon Alaska Department of Fish and Game, 2022

Steelhead Alaska Department of Fish and Game, 2022

Seabird colonies U. S. Fish and Wildlife Service, 2006

Harbor seal

haulouts

National Marine Fisheries Service, 2006

Sea lion haulouts National Marine Fisheries Service, 2006

Sea lion

concentrations

National Oceanic and Atmospheric Administration, 1988

Harbor porpoise National Oceanic and Atmospheric Administration, 1988

Beluga whale National Oceanic and Atmospheric Administration, 1988

Humpback whale National Oceanic and Atmospheric Administration, 1988

Minke whale National Oceanic and Atmospheric Administration, 1988

Fin whale National Oceanic and Atmospheric Administration, 1988

Dall’s porpoise National Oceanic and Atmospheric Administration, 1988

Pacific herring National Oceanic and Atmospheric Administration, 1988

Pacific cod National Oceanic and Atmospheric Administration, 1988

Walleye pollock National Oceanic and Atmospheric Administration, 1988

Lingcod National Oceanic and Atmospheric Administration, 1988

English sole National Oceanic and Atmospheric Administration, 1988

Dover sole National Oceanic and Atmospheric Administration, 1988

Arrowtooth

flounder

National Oceanic and Atmospheric Administration, 1988

the influence of glacial mineral nutrients on primary productivity

and the marine food web. Archaeological results including site

locations, radiocarbon dates, structures, and artifact assemblages

are described for four Chugach villages that were occupied

intermittently during cold climate phases of the 12th through

19th centuries. Archaeofaunal assemblages are taxonomically

identified and quantified by number of identified specimens (NISP)

(Yarborough, 1998; Yesner, 2004, 2010; Hanson, 2007, 2009). We

compare taxonomic frequencies to ecosystem proportionalities that

characterized PDO phases of the 20th century and to subsistence

species harvested by Chugach communities after a 1976 warm shift

in the PDO.

The project reflects Chugach community engagement and

collaborative co-production of knowledge. In cooperation with the

tribal councils of Nanwalek, Port Graham, and Seldovia, residents

of those communities were invited to participate in the Smithsonian

Arctic Studies Center’s Kenai Fjords Oral History and Archaeology

Project (2002–2004, 2015–2017), and their contributions have

deeply informed the present paper. Elders shared stories about

grandparents and great-grandparents who lived or were born at

such locations as Nuchek and Chenega in Prince William Sound

and Aialik Bay, Nuka Bay, and other locations on the Kenai

Coast. Interviews are archived at the Pratt Museum (Homer)

and excerpted in the film “Archaeology and Memory: Ancestral

Alutiiq Villages of the Outer Kenai Coast, Alaska” (Smithsonian

Institution and Pratt Museum, 2003). College students, adults, and

high school students from the Kachemak Bay villages participated

in four seasons of fieldwork in Aialik Bay and Nuka Bay as

paid technicians, advisors, and interns. Chugach elders visited

research locations in Aialik Bay and provided on-site interpretation

of artifacts, cultural features, and local ecology. Reports and

publications have been shared with the communities (e.g., Crowell

et al., 2001, 2008; Crowell, 2006, 2010; Maio et al., 2019) and

numerous project presentations have been made to local audiences,

tribal councils, and school classes in the participating villages.

Cultural resource management discussions have been held with

the Chugach Alaska Corporation and the English Bay (Nanwalek)

and Port Graham village corporations, hosted by the National

Park Service.

Regional overview and results

Glaciomarine ecology in the Chugach
region

The coastline of the central Gulf of Alaska is deeply indented by

Cook Inlet and PrinceWilliam Sound, large embayments formed by

Pleistocene ice cap expansion and separated by the Kenai Peninsula

(Mann et al., 1998). Kachemak Bay, also of glacial origin, adjoins

lower Cook Inlet. The Chugach Mountains rise behind Prince

William Sound and the Kenai Mountains extend along the spine

of the Kenai Peninsula, both capped with ice fields from which

glaciers descend toward the coast. The Gulf of Alaska does not

develop seasonal sea ice. The westward-flowing Alaska Current

follows the continental shelf break and the Alaska Coastal Current,

propelled by large volumes of fresh water from rivers and glaciers,

flows along the mainland coast and curls into lower Cook Inlet

(Stabeno et al., 2016). Ocean transport is characterized by persistent

downwelling except at the mouth of Cook Inlet where strong tidal

currents intersect the Alaska Coastal Current, generating upwelling

that brings deep nutrient-rich waters to the surface (Drew and Piatt,

2002; Piatt and Springer, 2007). Storms, high tidal energies, and the

fast-flowing Alaska Coastal Current enhance vertical mixing along

other parts of the coastal shelf (Weingartner, 2007).

Minerals eroded by glaciers from mountain bedrock including

iron, inorganic nitrogen, phosphate, and silica are transported

to the ocean by meltwater streams, calved ice, and dust storms,

that along with marine-derived nutrients fuel plankton blooms,

contribute to high and sustained biological productivity in coastal

fiords and on the continental shelf, and support a vast trophic web

of fish, seabirds, and marine mammals (Parsons, 1986; Syvitski

et al., 1987; Childers et al., 2005; Spies, 2007; Hood et al., 2009;

Arimitsu et al., 2010, 2012, 2016, 2018; Crusius et al., 2011). Iron-

rich glaciogenic dust from the Chugach region is thought to be a
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significant source of iron fueling primary production in the Gulf of

Alaska (Muhs et al., 2013).

Cook Inlet receives sediment fromwatersheds draining Susitna,

Matanuska, Knik, and Tustumena glaciers and from Grewingk and

other glaciers on the south shore of Kachemak Bay, generating

primary production of up to 300 g C/m2 per year (Larrance et al.,

1977; Sambrotto and Lorenzen, 1986; Cooney, 2007). Resurrection

Bay on the outer Kenai coast, charged with glacial sediments carried

by the Resurrection River, has estimated primary production of

200 g C/m2 per year (Heggie et al., 1977; Sambrotto and Lorenzen,

1986). Prince William Sound receives inputs from Columbia,

Harriman, Yale, Harvard, Meares, and other glaciers along its

northern and northwestern coasts and has an average production

of 185 g C/m2 per year (Goering et al., 1973; Eslinger et al., 2001).

Values are lower in the oceanic GOA beyond the shelf, estimated

at <100 g C/m2 per year (Sambrotto and Lorenzen, 1986).

Zooplankton biomass including copepods (small crustaceans),

euphausiids (krill), hyperiids (amphipods), and pteropods (pelagic

snails) declines with distance from the Gulf of Alaska coast, with

oceanic values of 1.5–30 g/m2 in summer compared to 60 g/m2 on

the continental shelf (Cooney, 1986; Batten et al., 2018).

The Gulf of Alaska provides habitat for at least 287 species

of fish, 147 species of birds, and 26 species of marine mammals

(Hood and Zimmerman, 1986; Cooney, 2007; Iverson et al.,

2007). Important commercial and subsistence fish include sockeye

salmon (Oncorrhynchus nerka), pink salmon (Oncorrhynchus

gorbuscha), Coho salmon (Oncorrhynchus kisutch), Chinook

salmon (Oncorrhynchus tshawytscha), Pacific herring (Hippoglossus

stenolepsis), Pacific cod (Gadus macrocephalus), halibut (H.

stenolepsis), rockfish (Sebastes spp.), and lingcod (Ophiodon

elongatus). Salmon spawn in over 300 coastal watersheds in the

study area and there are large commercial salmon fisheries in

lower Cook Inlet and Prince William Sound (Alaska Department

of Fish and Game, 2022). Most of the Kenai Coast is relatively

poor in this resource, dominated by small salmon runs in coastal

streams. Abundant seabirds include common murres (Uria aalge),

tufted puffins (Fratercula cirrhata), and black-legged kittiwakes

(Rissa tridactyla) which have breeding colonies in Kachemak

Bay, the Barren Islands, Rocky Bay, the Pye Islands near Nuka

Bay, the Chiswell Islands off Aialik Bay, Cape Resurrection, and

Prince William Sound (Bailey, 1977; Arimitsu et al., 2021; Alaska

Department of Environmental Conservation, 2022).

The marine mammals most important to present-day Chugach

hunters are harbor seals (Phoca vitulina) and Steller sea lions

(Eumetopias jubatus). Both have undergone severe population

declines since the 1970s. Sea lions, with a current estimated

western Alaska population of 50,000, are most abundant on the

Kenai Coast where they maintain 16 breeding rookeries (Muto

et al., 2021). About 69,000 harbor seals utilize scores of terrestrial

haulouts for resting, breeding, and pupping (London et al., 2015;

Muto et al., 2021) and about 10% rear their pups on ice floes

adjacent to tidewater glaciers including rookeries inMcCarty Fiord,

Northwestern Lagoon, and Aialik Bay on the Kenai coast and

College Fjord and Columbia Glacier in Prince William Sound

(Hoover-Miller, 1994; Bengtson et al., 2007; Hoover-Miller et al.,

2011; Hoover-Miller and Armato, 2018). In the past, Chugach

hunters also took harbor porpoises (Phocoena phocoena) and

Dall porpoises (Phocoenoides dalli), both common throughout the

region (Muto et al., 2021).

FIGURE 2

Results of GIS subsistence resource analysis (Crowell et al., 2012)

showing: (A) overall richness scores; (B) Factor 1 dominated by sea

lion, herring, cod, halibut, fin whale, and Dall porpoise; (C) Factor 4

dominated by sockeye, coho, and king salmon, steelhead trout; and

(D) Factor 6, harbor seal, seabirds, beluga whale.

Spatial correlation of archaeological sites
and subsistence resources

Clustering of precontact archaeological sites in areas of high

resource density has been demonstrated in several Gulf of Alaska

regions (Mobley et al., 1990; Erlandson et al., 1992; Crowell and

Mann, 1998; Crowell et al., 2003). Results of a GIS-based statistical

analysis of archeological site locations and local availability of

23 marine subsistence species (Crowell et al., 2012) found that

resource richness (numbers of harvesting locales for all species)

was highest in the outer portions of fiords, where pelagic and

benthic fish, seabirds, and marine mammals are typically more

abundant, and lowest in the inner reaches of fiords where glacially

fed salmon rivers are often the principal resource, augmented

at some locations by harbor seal haulouts and seabird colonies
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(Figure 2A). The pattern is multiscalar, applying to Cook Inlet,

Prince William Sound, and Kachemak Bay as well as smaller

embayments, likely reflecting the influence of glacial sediment

plumes that enter at the heads of fiords but have maximum impact

on marine food webs in more distal areas (Arimitsu et al., 2012,

2016). The regionally highest values are in the Cook Inlet upwelling

zone including the Kenai Coast, which is consistent with oceanic

mixing of glacial and marine-derived nutrients and low turbidity–

high salinity conditions that lead to abundant and energetically

rich forage communities in this area (Abookire and Piatt, 2005;

Speckman et al., 2005).

Archaeological site frequency was highly correlated with

resource richness values. Out of 856 coastal segments where sites

were present, 776 (90.6%) had richness scores of 10 or greater

(Chi square p ≤ 0.0001). All archaeological sites were located on

only 13% of the shoreline segments, demonstrating clustering in

resource-rich areas, while 87% contained no settlements. The Kenai

Coast has some of the highest richness scores in the Chugach region

(Figure 2A), although there are fewer known coastal sites than in

Kachemak Bay or Prince William Sound due to loss of older sites

through tectonic submergence and erosion (Crowell and Mann,

1996, 1998).

Multivariate analysis reduced the 23 resource variables to six

factors with Eigen values>1.0 (Table 2). A generalized linear model

was fitted with site count as a response to these six factors as

explanatory variables. Factors 1 (p=<0.0001), 4 (p=<0.0001) and

6 (p= 0.0163) had significant influences on site count per segment.

On Factor 1 (dominated by sea lion, herring, cod, halibut, fin whale,

and Dall porpoise) Kachemak Bay and the Kenai Coast greatly

exceed Prince William Sound (Figure 2B); on Factor 4 (sockeye,

coho, and king salmon, steelhead) the Kenai Coast is similar to

Kachemak Bay and Prince William Sound, although this parity

reflects the number of anadromous streams in each area rather

than the size of salmon stocks, which are far higher in Cook

Inlet and Prince William Sound (Figure 2C). Factor 6 (harbor seal,

seabirds, beluga whale) is consistently highest on the Kenai Coast

(Figure 2D).

Spatial patterns of marine mammals, seabirds, and benthic fish

in the region are consistent with patterns of resource use inferred

from archeological sites, with above-average species indices of

all three taxa along much of the Kenai Coast (Figure 3). Taken

together, these regional resource comparisons suggest that the

Kenai Coast would have been most attractive for human settlement

when lower water temperatures boosted its exceptionally rich

marine mammal, seabird, and benthic fish stocks. The area was

abandoned during periods of warmer SSTs that would have brought

declines in those resources but increases to salmon in Cook Inlet

and Prince William Sound.

Climatic and ecological change in the Gulf
of Alaska

Growth rings of coastal trees provide a proxy record of climatic

flux in the Gulf of Alaska (Barclay et al., 1999). Based on 1,200

years of data from living and subfossil mountain hemlock trees, the

Medieval Warm Period (900–1100 CE) peaked in 950 CE and was

characterized by an average air temperature (February to August)

of 7.7◦C (Wiles et al., 2014) (Figure 4). During the Little Ice Age

(1100–1900 CE), cooling periods separated by warmer intervals

occurred from the 1180s through the 1320s when the average air

temperature was 7◦C; from 1400s to 1530s when it dipped to 6.7◦C;

from the 1540s to 1710s when it was 6.8◦C; and from the 1810s to

1880s when it was 6.9◦C (Wiles et al., 2014). The anthropogenic

modern warm period is evident in tree rings after 1900 CE.

Tree ring chronologies suggest correlation of air temperatures

with the PDO index, which together with the 2–3 year El Niño-

Southern Oscillation (ENSO) accounts for much of the multiyear

variation in the longer climate curve (Wiles et al., 1998; Wilson

et al., 2007). The PDO indexes fluctuation in the strength of

the cyclonic Aleutian Low, which in positive phases advects

warm air and water from subtropical regions northward to the

Gulf of Alaska and during negative phases allows a return to

cooler air and ocean temperatures (Bond and Harrison, 2000;

Mantua and Hare, 2002). Gedalof and Smith (2001) used tree

ring studies at six coastal locations from Oregon to Alaska to

identify punctuated shifts in air temperatures since 1600 CE that

correlate with instrumentally measured changes in PDO state

during the 20th century and indicate similar step-like changes

during earlier centuries (Figure 4). Wiles et al. (1998) obtained

similar results from tree ring chronologies at eight locations on the

Kenai Peninsula and Prince William Sound. Both studies indicate

negative PDO phases with cooler air temperatures during ∼1662–

1680, 1696–1712, 1734–1758, 1798–1816, 1840–1923, and 1946–

1976 CE. Although poor correspondence among multiple proxy

records suggest lower variability of the PDO index during much of

the 19th century (Gedalof et al., 2002; Newman et al., 2016), these

temperature reconstructions were chosen because they reflect local

variation in SSTs in our study area even during periods of lower

variability in the PDO index.

Sea surface temperatures along the Alaskan coast are broadly

correlated with air temperatures (Wiles et al., 1998; Hare and

Mantua, 2000; Danielson et al., 2022). On a millennial timescale,

paleotemperatures estimated from alkenones in a Gulf of Alaska

bottom core indicated SSTs in the range of 9.8◦C in ∼0 CE at the

end of the Neoglacial Period, rising to 11◦C by ∼1000 CE during

the Medieval Warm Period (Praetorius et al., 2015).

SSTs during the Little Ice Age prior to instrumental records

have been estimated from δ
18O isotope values in archaeological

otoliths of Pacific cod (Helser et al., 2018). Ion microprobe

sampling of the core (early life) sections of otoliths recovered at

two Aialik Bay sites discussed in this paper—the Early Contact

Village, occupied during the 1798–1816 CE cool PDO phase and

the Ayalik (Denton) site, occupied during the 1840–1923 CE cool

PDO phase—indicate that SSTs in near-shore areas inhabited by

juvenile cod averaged about 8.3◦C in ∼1800 CE, 9.1◦C in ∼1880

CE, and 11.7◦C in 2004. Conversion of the aragonite δ
18O to

water temperature was calibrated from otoliths in living Aialik

Bay cod fitted with electronic tags to measure in situ depths

and water temperatures during 1–2 years of free swimming,

and derived temperatures were compared to late 20th–early 21st

century data from the GAK1 oceanographic buoy in Aialik Bay

(Helser et al., 2018). Pacific cod otoliths from the 500-year-old
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TABLE 2 Rotated factors (Varimax) showing dominant species (in bold).

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Eigen value 5.13 3.67 2.10 1.91 1.51 1.25

Variance explained 4.99 3.15 3.13 1.79 1.88 1.74

Resource Standardized regression coe�cients

Sea lion 0.90 −0.41 −0.10 0.03 −0.03 0.09

Pacific herring 0.89 −0.15 −0.04 −0.07 0.12 0.21

Pacific cod 0.87 0.19 −0.14 −0.01 0.07 −0.15

Pacific halibut 0.77 0.08 0.15 0.06 −0.12 −0.05

Fin whale 0.63 0.26 0.10 0.12 −0.16 −0.15

Dall porpoise 0.45 0.43 0.11 0.12 −0.18 −0.23

Lingcod −0.68 0.21 0.41 0.02 0.01 0.22

Harbor porpoise –0.09 0.85 −0.37 −0.05 0.11 0.23

Humpback whale –0.46 0.83 −0.12 0.06 −0.09 −0.16

Minke whale 0.23 0.60 0.11 −0.12 0.05 0.10

English sole 0.23 0.52 0.38 −0.15 0.22 0.10

Dover sole −0.24 −0.19 0.94 −0.06 0.04 −0.13

Arrowtooth flounder −0.08 −0.12 0.88 −0.04 0.06 0.04

Walleye pollock 0.38 0.29 0.52 −0.10 0.08 0.08

Sockeye salmon −0.02 −0.06 −0.03 0.68 0.20 0.06

Coho salmon 0.05 0.04 −0.07 0.64 0.33 0.06

King salmon −0.05 −0.26 0.01 0.59 0.02 −0.02

Steelhead 0.09 0.04 −0.02 0.50 −0.02 0.04

Chum salmon 0.07 −0.02 −0.02 0.15 0.80 −0.14

Pink salmon −0.11 0.11 0.16 0.20 0.77 −0.09

Harbor seal −0.08 0.04 −0.02 −0.07 −0.07 0.75

Seabirds 0.16 0.27 0.07 0.23 −0.24 0.61

Beluga whale −0.46 0.01 0.01 0.10 −0.06 0.61

FIGURE 3

Map of the average species richness index (color, standardized anomalies) of samples within 25 × 25 km hexagonal cells for each taxa grouping.

Benthic fish data from groundfish bottom trawl surveys 1984–2019 were used with permission NOAA Alaska Fisheries Science Center, and marine

bird and mammal species richness was summarized from the USGS North Pacific Pelagic Seabird Database (Drew et al., 2005).
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FIGURE 4

Major climatic phases including the Late Neoglacial Period (LNGP), Medieval Warm Period (MWP), Little Ice Age (LIA), and Modern Warm Period

(MOD); estimated Gulf of Alaska (GOA) air temperatures since 800 CE from tree ring widths (Wiles et al., 2014); and estimated GOA air temperatures

since 1600 CE from tree ring widths with inferred PDO phases (Gedalof and Smith, 2001).

Karluk-1 site on Kodiak Island showed high δ
18O values that

correspondwith low SSTs around 1420 CE and 1800 CE (West et al.,

2012).

The reorganization of Northeast Pacific biota that accompanied

ocean warming after the 1976 PDO regime shift is widely

recognized (Francis and Hare, 1994; McGowan et al., 1998;

Anderson and Piatt, 1999; Hare and Mantua, 2000; Benson and

Trites, 2002; Mantua and Hare, 2002; Litzow and Mueter, 2014).

Prior to the regime shift commercial fish catch data showed

an abundance of shrimp but depressed numbers of salmon,

halibut, ocean perch, Pacific cod, arrowtooth flounder, and herring

(Hare and Mantua, 2000). Ocean warming that began in the

winter of 1976–1977 resulted in increased phytoplankton and

zooplankton production; increased production of pelagic and

demersal predatory fish such as salmon (particularly sockeye and

pink), walleye pollock, Pacific cod, hake, Pacific ocean perch,

sablefish, arrowtooth flounder, herring, and halibut; declines of key

forage species including shrimp, capelin, and sand lance; declines in

piscivorous seabirds including murres and kittiwakes; and declines

in marine mammals including Steller sea lions, northern fur seals,

and harbor seals, due in part to limitations of prey (especially

capelin) that were central to their diets prior to 1976. For some

species, including salmon (Chinook, chum, pink) and groundfish,

these trends reversed with the temporary return of cooler waters in

1989 (Hare and Mantua, 2000).

Paleoenvironmental and archaeofaunal records track trends in

fish abundance over longer time periods and greater temperature

differentials. A 2,200-year sediment core analyzed for marine-

derived δ
15N isotope concentrations deposited by spawning

sockeye salmon in Karluk Lake on Kodiak Island showed depressed

salmon production around 130 CE in the Late Neoglacial Period,

a steady upward trend through the Medieval Warm Period to a

peak around 1200 CE in the early Little Ice Age, and a gradual

decline to a low point around 1820 CE (Finney et al., 2002).

Sockeye salmon trends over the last 300 years were studied using

the same methods at other lakes on Kodiak Island and the Alaska

Peninsula, demonstrating fluctuations that correlated with PDO

phases (Finney et al., 2000).

The Pacific cod population paralleled salmon trends during

20th century PDO cycles but varied in the opposite direction during

larger temperature anomalies of earlier centuries. On Sanak Island

in the western Gulf of Alaska, Pacific cod were the dominant species

harvested at eight Neoglacial archaeological sites from 2550 BCE

through 520 CE, declined sharply relative to other species (salmon,

flatfish, greenlings, sculpins) during the Medieval Warm Period,

and increased again during the Little Ice Age (Maschner et al.,

2008). Pacific cod and other marine species exceeded salmon in

some Little Ice Age stratigraphic levels at Karluk-1 onKodiak Island

despite the site’s location at the mouth of one of the region’s most

productive salmon rivers, suggesting that cod remained available

in high numbers throughout the Little Ice Age even as salmon

declined (West et al., 2012). At Palugvik and other archaeological

sites in Prince William Sound, percentages of Pacific cod in

archaeofaunal samples increased and salmon decreased with the

onset of the Little Ice Age around 1100 CE (Yarborough, 2000).

Chugach migrations to the Kenai Coast

While archaeological sequences in Kachemak Bay and Prince

William Sound extend back to before 3000 BCE, the Kenai

Coast record was degraded by 2m or more of subsidence during

each of two megathrust earthquakes, in 1170 cal. CE and 1964,

resulting in severe coastal erosion (Mann and Crowell, 1996;

Hutchinson and Crowell, 2007; Maio et al., 2019). The oldest

surviving Kenai Coast site is McArthur Pass (SEL-188), where the

basal cultural level has a median intercept date of 346 cal. CE
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FIGURE 5

Inferred occupation periods (gray blocks) and migrations (arrows) between Kachemak Bay, the Kenai Coast, and Prince William Sound, aligned with

climate periods. Radiocarbon dates are shown with median calibrated age intercept (red dots) and 2 SD error ranges (95.4% probability). Occupation

gaps are defined as intervals of at least 100 years with ≤1 median intercepts. LNGP, Late Neoglacial Period; MWP, Medieval Warm Period; LIA, Little

Ice Age; MOD, Modern Warm Period.

(Betts et al., 1991). The 1964 earthquake caused uplift in most

parts of Prince William Sound and a similar displacement likely

occurred during the 1170 CE event, resulting in little or no damage

to the archaeological record. Subsidence of about 1m occurred

at Kachemak Bay in 1964, probably comparable to the earlier

earthquake, with possible erosion of sites although no damage has

been reported.

To compensate for variable site preservation and compare

regional sequences in an equivalent time frame, we include all

Chugach tradition dates with calibrated ages of 2,000 years or less

(n = 172, Supplementary Table S1; Figure 5). Occupation periods

are blocked in gray and occupation gaps (no color) are defined as

intervals of at least 100 years with ≤1 median intercepts. A single

median intercept is allowed within a gap because many dates have

long error tails. Inferred migrations to the Kenai Coast are labeled

M1 through M5; inferred return migrations to Kachemak Bay and

Prince William Sound are labeled R1 through R4. The unequal

number of dates available for the three regions—Kachemak Bay

(21), Kenai Coast (60), Prince William Sound (91)—is due to their

respective research histories.

As shown in Figure 5, all three areas were occupied during all

or part of 0–600 CE although there are too few dates to present a

clear picture. A gap in Prince William Sound dates from 378–485

cal. CE suggests a possible migration (M1) to the Kenai Coast and

settlement at MacArthur Pass (three dates, 386–483 cal. CE) and

possibly at other eroded sites, with a return (R1) around 490 cal. CE.

A second possible migration to the Kenai Coast (M2) is marked

by a 645–841 cal. CE gap in Prince William Sound dates and

a nearly synchronous 612–857 cal. CE gap at Kachemak Bay,

suggesting migration from both areas to the Kenai Coast as water

temperatures dropped and salmon declined in the Late Neoglacial

period. However, there are only two radiocarbon dates in this

period from the Kenai Coast, again from MacArthur Pass (690 cal.

CE and 820 cal. CE).

A reverse population movement (R2) took place at the start of

the Medieval Warm Period as indicated by a gap in Kenai Coast

dates (820–1035 cal. CE) and the simultaneous reappearance of

populations in Kachemak Bay and Prince William Sound. During

this period, air temperatures rose to an average 7.7◦C (Wiles et al.,

2014), SSTs rose to about 11◦C (Praetorius et al., 2015), and Gulf of

Alaska salmon production was increasing (Finney et al., 2002).

At the end of the Medieval Warm Period Kachemak Bay was

again abandoned for about 300 years, with no recorded dates

between 1027–1317 cal. CE. During the same early Little Ice Age

interval (1035–1364 cal. CE) numerous sites were established on

the outer Kenai coast. The evidence suggests migration to the

Kenai Coast (M3) as average air temperature cooled to about 7◦C

(Wiles et al., 2014). Salmon on Kodiak increased during the early

part of this interval and then declined after 1200 CE (Finney

et al., 2002). In contrast, Prince William Sound was occupied by

at least part of its population throughout the early Little Ice Age

with no gap in dates to indicate extensive outmigration. However,

archaeofaunal remains from Palugvik (COR-001), Uqciuvit (SEW-

056), and Eleanor Island (SEW-440) indicate reduced consumption

of salmon and increased consumption of Pacific cod and sea

mammals (Yarborough, 2000).

The end of the flourishing early Little Ice Age period

of Chugach occupation on the Kenai Coast coincided with a
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late 1300s eruption of Katmai, Augustine, Redoubt, or another

volcano near Cook Inlet that deposited airborne tephra across

the Kenai Peninsula (Payne and Blackford, 2008; Maio et al.,

2019). A 10–20 cm layer of reddish-brown ash from this eruption

(known as Tephra 1) overlies early Little Ice Age cultural

strata at Kenai Coast sites including Kiniyak (SEL-119), Yálik

(SEL-172), McArthur Pass (SEL-188), and Bear Cove (XBS-

030) (Schaff and Johnson, 1990; Crowell, 2010). Ecological

disruption caused by the ashfall may explain abandonment of

these sites and the century-long gap in Kenai Coast residence

that followed (1364–1492 cal. CE). We suggest that Kenai

Coast residents relocated to Prince William Sound at this

time (R3).

Post-eruption resettlement of the Kenai coast (M4) during the

depressed temperatures of the middle Little Ice Age by Chugach

migrants from Prince William Sound is evident at sites including

FIGURE 6

Normalized numbers of calibrated radiocarbon dates (color scale) for each calendar year plotted on the air temperature curve (Wiles et al., 2014) for

the period 800–2010 CE. Dates with 1 SD (68.3% probability) error ranges that included a given calendar year were assigned to that year and this sum

was normalized by subtracting the mean and dividing by the standard deviation of the total number of dates for the region. Periods of occupation

identified in Figure 5 are shown as horizontal black bars with date ranges.
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SEL-119 (1492 cal. CE), SEL-215 (1502 cal. CE), SEL-381 (1547

cal. CE, 1567 cal. CE), XBS-020 (1562 cal. CE, 1680 cal. CE), and

XBS-030 (1640 cal. CE), all with first or renewed occupations in

the late 15th to mid-17th centuries. A gap in Prince William Sound

dates from 1601–1738 cal. CE) suggests a population movement

to the Kenai Coast during this period. There was no Chugach

habitation at Kachemak Bay at this time.

The final period of Chugach occupation on the outer Kenai

coast (M5) coincided with PDO cool phases of the late Little Ice

Age (Wiles et al., 1998; Gedalof and Smith, 2001). Sites inhabited

during the 1798–1816 cool cycle included the Early Contact Village

(XBS-029) in Aialik Bay (1779 cal. CE; median artifact date 1800),

the Northwestern Lagoon site (XBS-020) in Harris Bay (1809 cal.

CE), and the Bear Cove site (XBS-030) in Aialik Bay (1826 cal. CE).

These settlements were abandoned at the end of the cycle and never

reoccupied. During the next cool cycle in 1840–1923, the Home

Cove/Agmilek (SEL-130) site in Nuka Bay (median artifact date

1855 CE) and Denton/Ayalik site (XBS-014) in Aialik Bay (median

artifact date 1880) were established.

This sequence of migration events may also be examined by

plotting the number of calibrated radiocarbon dates in each study

area against the air temperature curve available for the period

800–2010 CE (Wiles et al., 2014) (Figure 6). Dates with 1 SD

(68.3% probability) error ranges that included a given calendar year

were assigned to that year and the sum of these assignments was

normalized by subtracting the mean and dividing by the standard

deviation of the total number of dates for the region. Normalized

variation in the number of radiocarbon dates (color scale) provides

a rough proxy for population (Fitzhugh et al., 2022). We included

occupation dates for modern villages in the data series based on

historical information (Nanwalek, 1850–2010; Port Graham, 1912–

2010; Seldovia, 1880–2010; Tatitlek, 1850–2010; Chenega/Chenega

Bay, 1850–2010; and Kniklik, 1850–1910). For comparison, periods

of occupation identified in Figure 5 are transposed to Figure 6

as horizontal black bars with date ranges. Transitions between

occupation phases appear more gradual in Figure 6 than in Figure 5

because of overlapping radiocarbon error estimates, and a time lag

of several decades between climate signal and human movement is

apparent in several instances.

At Kachemak Bay there were three periods of estimated above-

average Chugach population (purple to yellow on the color scale),

each coinciding with a peak in the air temperature curve, consistent

with the climate-coupled migration model. On the Kenai Coast, the

three-century period of moderate to high population that followed

migration M3 coincided with the variable but generally lower air

temperatures of the early Little Ice Age, also supporting the model.

However, a pronounced gap in Kenai Coast dates followed the

14th century volcanic eruption, with moderate population levels

(purple) resuming only in the 1490s following migration M4.

The eruption gap coincided with low values on the temperature

curve and we suggest that moderate to high population levels

would have continued on the Kenai Coast during this time if

not for the eruption. Occupation in Prince William Sound was

more continuous, with population peaks associated with upward

trending temperatures during the middle Little Ice Age. We note

that the highest values (yellow) immediately followed the Kenai

volcanic eruption, supporting our interpretation that the Kenai

population shifted to Prince William Sound at this time.

FIGURE 7

Cross-correlation matrix showing temperature-radiocarbon date

frequency correlations for each study area (KB, Kachemak Bay; KC,

Kenai Coast; PWS, Prince William Sound) and between areas for the

years 800–1950 CE.

We tested for interaction between air temperatures and

numbers of radiocarbon dates per calendar year using cross-

correlation, which is a measure of the similarity between two

time series incorporating lagged effects. The data series used

for correlation excluded the years 1950–2010 since radiocarbon

signals are not meaningful in that range. Hypothetically, Kachemak

Bay and Prince William Sound should show positive correlation

between number of dates and air temperature while these variables

should be negatively correlated on the Kenai Coast. The hypothesis

is weakly supported (Figure 7) in that Kachemak Bay and Prince

William Sound show positive correlations with temperature (0.40

and 0.25, respectively) and with each other (0.49). The Kenai Coast

value is near zero (0.08), indicating no statistical correlation. We

suggest that the Kenai Coast correlation would have been negative

if not for post-eruption abandonment of the area during the very

low temperatures of the 14th and 15th centuries, thus losing a

significant portion of the data series.

Glaciomarine ecology of Harris Bay and
Aialik Bay

Harris Bay (including its inner portion, Northwestern Lagoon)

and Aialik Bay are adjacent fiords in Kenai Fjords National Park

west of Seward (Figure 8). Coves along their shorelines are cirques

of small tributary glaciers drowned by tectonic subsidence over

the last 15,000 years (Crowell and Mann, 1998). The Chiswell

Islands, prime habitat for sea mammals and seabirds, lie just

offshore. Northwestern Glacier expanded during the early Little

Ice Age, reaching the moraine shoal that divides Northwestern

Lagoon from Harris Bay sometime after 1476 cal. CE, then began

to retreat about 1900 CE. Aialik Glacier also advanced during

the early Little Ice Age, reaching its terminus ca. 1600 CE and
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FIGURE 8

Harris Bay and Aialik Bay study areas in Kenai Fjords National Park. Shown are hydroacoustic survey lines, oceanographic measurement stations,

water sample and trawl stations, beach seine locations, harbor seal haulouts and concentrations, seabird colonies, salmon streams, and sea lion

haulouts (Yarborough, 1998; Arimitsu et al., 2012). Approximate locations of four archaeological sites (XBS-020, XBS-030, XBS-029, XBS-014) are

indicated. Base map from National Geographic MapMaker (c) National Geographic Society.

withdrawing a century later, timing similar to the advance and

retreat of Holgate Glacier. Anchor, Ogive, and Northwestern

glaciers discharge ice floes and meltwater into the head of

Northwestern Lagoon. Ice and meltwater enter Aialik Bay from

Aialik, Holgate, and Pederson glaciers and from hanging glaciers

on the Aialik Peninsula.

A study of marine ecology and seabird prey dynamics in Aialik

Bay andHarris Bay/Northwestern Lagoonwas undertaken in 2007–

2008 (Arimitsu et al., 2012). Physical and biological characteristics

of the fiords were sampled monthly during June–August, including

oceanographic surveys, acoustic-trawl surveys for zooplankton and

forage fish, and at-sea surveys of marine birds and mammals. The

influence of glacial effluents is evident in temperature and salinity

profiles of the two fiords (Figure 9). Cool, fresh water introduced

by glaciers and meltwater streams pools behind the Little Ice Age

cross-bay moraines, while warmer, more saline waters are held

outside these sills. This effect is more pronounced in Harris Bay

where sill depth is shallower (<4m) than in Aialik Bay (<10m).

Turbidity from glacial silt is highest inside the moraines and water

clarity increases from near zero in the stratified freshwater layer

near the glaciers to almost 100% in the surface waters of outer

fiord areas. Mineral nutrients carried in glacial effluent including

nitrite, nitrate, phosphate, and silica diffuse down-fiord and had

lower concentrations at the outer stations. Levels of all nutrients

except silica were found to decline by about half over the summer

months as they were taken up by phytoplankton.

Depth-integrated phytoplankton concentrations up to 25

mg/m2 occurred 5 km or more down-fiord from glaciers in

relatively clear surface waters, although these blooms were

distributed primarily within the shallow sill at Northwestern

Lagoon and 10 km or more beyond the deeper sill in Aialik Bay,

a contrast that was strongest in June and weakened over the

summer (Figure 10). Zooplankton biomass had a similar spatial and

temporal pattern, whereas euphausiids (krill) were concentrated in

shallow turbid water close to the glaciers in both fiords.

A minimum of 28 fish species were captured by small-

mesh trawl net, including forage fish such as capelin (Mallotus

catervarius), Pacific herring (Clupea pallasii) and Pacific sand

lance (Ammodytes personatus). Saffron cod (Eleginus gracilis)

was the most abundant juvenile gadid; however, Pacific cod (G.

macrocephalus) and walleye pollock (Gadus chalcogrammus) were

also present. Mesopelagic fishes included lanternfish (Myctophidae)

and the northern smoothtongue (Leuroglossus schmidti). At least

21 fish species were collected in beach seines. Pacific sand lance

(61% of the catch), pink salmon (O. gorbuscha, 22% of the total

catch), and Pacific herring (5% of the total catch) were the most
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FIGURE 9

Temperature (C, color) and salinity (lines, range: 24.34–33.00) vertical contours relative to depth (m; y-axis) and distance to tidewater glaciers (km;

x-axis) in Northwestern Lagoon/Harris Bay and Aialik Bay during 2008 (Arimitsu et al., 2012). Sample locations are represented by black arrows.

Bathymetric features are indicated in black, with minimum sill depth of 4 and 10m, in Northwestern Lagoon and Aialik Bay, respectively.

abundant. Chum salmon (Oncorhynchus keta, 3% of the total catch)

and Surf smelt (Hypomesus pretiosus; 2% of the total catch) were

also captured. Fish biomass, as measured by acoustic backscatter,

was highest inside the Northwestern Lagoon sill, illustrating its

containment effect. The relationship between acoustic backscatter

and distance to glaciers in Aialik Bay was variable over the summer,

with a significant positive correlation in the early season but no

significant relationship later in the season. In the middle and late

summer, dense forage fish schools moved into inner glacial areas of

Aialik Bay.

The spatial distributions of major subsistence species in the

two fiords are influenced by the glacial inputs, physical features,

oceanographic gradients, and biological relationships described

above. Large bottom fish including Pacific cod and halibut feed

on forage fish and invertebrates in outer Aialik Bay and spend

most of the year in relatively deep water, moving to shallower

depths in spring. Pink, chum, and coho salmon spawn in short,

glacially sourced streams at the head of Aialik Bay and pink salmon

spawn in glacial streams of Harris Bay and Northwestern Lagoon.

Herring spawn along low-energy beaches in protected coves in

both fiords. The abundance of phytoplankton, zooplankton, and

forage fish in outer Aialik Bay during early summer supports large

populations of seabirds including cormorants, horned and tufted

puffins, and murres, which have nesting colonies in the Chiswell

Islands and outer fiord coves. There are several nesting colonies in

Northwestern Lagoon/Harris Bay, most in the fiord where primary

and secondary productivity are highest.

Marine mammals including sea lions, harbor seals, harbor

porpoises, Dall porpoises, and humpback whales feed primarily in

the outer reaches of Aialik Bay wheremacrozooplankton and forage

fish abound, and there is a sea lion rookery in the Chiswell Islands

(Nishimoto and Rice, 1987). During May–July, over 600 harbor

seals congregate at ice floe haulouts near Northwestern, Anchor,

Ogive, Aialik, and Pederson glaciers for birthing and rearing pups

(Hoover-Miller and Armato, 2018). Overall, the abundance and

diversity of subsistence resources increases with distance from

glaciers due to the balance of mineral nutrients and water clarity

that yields maximum phytoplankton growth. Moraine sills in both

fiords modify this effect, to a greater degree in Harris Bay than in

Aialik Bay.

Chugach settlements and resource use at
Harris Bay and Aialik Bay

Northwestern Lagoon Site (XBS-020)
Northwestern Lagoon (XBS-020), one of the largest precontact

Chugach settlements on the Kenai Coast, is located near the
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FIGURE 10

Chlorophyll a vertical contours (mg m−3, color) relative to depth (m; y-axis) and distance to tidewater glaciers (km; x-axis) in Northwestern

Lagoon/Harris Bay and Aialik Bay (Arimitsu et al., 2012). Sample locations are represented by black arrows. Photic depth is indicated as black

diamonds for 2008, and locations of the prominent marine sills are indicated in solid black, with minimum sill depth of 4 and 10m, in Northwestern

Lagoon and Aialik Bay, respectively. Fluorometer data were not collected at core oceanography stations in July 2007 or August 2008.

glacial moraine that divides Harris Bay from Northwestern Lagoon

(Kent and McCallum, 1991; Crowell and Mann, 1998). Surface

features at XBS-020 include 25 shallow, subrectangular pits up

to 6m long interpreted as the imprints of plank-walled summer

dwellings; a deep, subrectangular winter house pit (6m long) with

an entrance tunnel; two large oval depressions (9 and 13m long),

possibly multifamily fall houses; and eight circular cache pits for

underground food storage (Figure 11A).

Radiocarbon dates from limited test excavations in 1994

indicate three separate phases of occupation: the early Little Ice

Age until the 14th century (five dates, 1201–1360 cal. CE); the

middle Little Ice Age (two dates, 1562–1680 cal. CE); and the late

Little Ice Age (one date, 1809 cal. CE; Supplementary Table S1).

All were periods of cool ocean temperatures, as discussed above.

No glass beads or other imported goods were found, suggesting

that residents did not interact with Russian fur traders who arrived

in the 1790s. During the site’s span of occupation Northwestern

Glacier advanced down the fiord, reaching its terminus near the

village by the late 15th century. Proximity to the glacier and its

ice floe harbor seal rookery, combined with the predominance

of summer houses, suggests that XBS-020 was primarily a

sealing camp.

Bone preservation was poor due to the near-absence of calcium

carbonate from marine shells to buffer the naturally high acidity

of the soil. Test units yielded only a few fragments of burnt

(calcined) marine mammal bone and one identification, a hoary

marmot (Marmota caligata) (Yarborough, 1998). The potential

for interpreting subsistence practices of the residents is therefore

limited, although the small artifact collection includes marine

mammal hunting and processing tools—a slate lance preform,

semilunar slate knife, and cobble-spall scrapers—in addition to a

stone lamp for burning marine mammal oil (Crowell and Mann,

1998).

Bear Cove (XBS-030)
The Bear Cove site (XBS-030) occupies a beach terrace

about 10 km south of the Little Ice Age glacial terminus in

Aialik Bay, a position that afforded good access to marine

mammals, salmon, cod, halibut, and seabird colonies in the middle

and outer fiord, and to the ice floe harbor seal rookery at

Aialik Glacier.

Excavations at the site in 1994, 2002, and 2004 revealed

two groups of structures (Crowell and Mann, 1998; Crowell,
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FIGURE 11

Archaeological site maps showing topographic contours, house pits, and other cultural features. (A) Northwestern Lagoon (XBS-020); (B) Bear Cove

(XBS-030); (C) Early Contact Village (XBS-029) and Ayalik (Denton) site (XBS-014).

2010) (Figure 11B). An older house group, located at the back

of the terrace, included four subrectangular house pits 4–5m

long with central hearths (Structures 4, 5, 7, and 9), a form

consistent with historic semi-subterranean Chugach winter houses

with bark-covered roofs (Walker, 1982; Steller, 1988). Structure

8 was larger (10m long) and consisted of a main room with

two hearths and a pit for roasting meat on hot stones covered

with seaweed, as this feature was described by Chugach advisor

Nick Tanape, Sr. (personal communication, June 25, 2002). The

main room was adjoined by a small annex filled with fire-cracked

cobbles, indicating a steam bathing room. The size, shape, depth,

and interior features of this structure are similar to multifamily
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Chugach plank houses used during summer and fall (Birket-Smith,

1953; Walker, 1982).

The lowest house floors and cultural strata in this part of the site

predate or coincide with the 1170 cal. CE earthquake (three dates,

1035–1176 cal. CE, Supplementary Table S1) and are overlain by

gravels washed in by tsunami waves or storms following coseismic

subsidence. This event appears to have terminated the original

occupation. Residents returned to Bear Cove about a century later,

depositing new occupation layers (four dates, 1293–1353 cal. CE,

Supplementary Table S1) above the earthquake gravel. These are

capped by Tephra 1 from the Cook Inlet eruption, which may have

forced a second abandonment of the site. Use of the older house

group thus spanned the early Little Ice Age period and included

fall, winter, and summer residency.

The younger group consists of 12 subrectangular winter

house pits (4–5m long) along the front edge of the terrace

(Figure 11B). Test excavations in Structures 19 and 20 yielded

medial dates of 1640 cal. CE and 1840 cal. CE, respectively

(Supplementary Table S1). No tephra was found above the house

floors, confirming that the structures were built after the eruption.

These dates coincide with middle and late Little Ice Age

occupations at Northwestern Lagoon and other sites.

Bear Cove artifacts (Figure 12) include triangular slate

endblades for sea mammal lances, used to dispatch harpooned

animals; barbed endblades for arrows; shouldered and semilunar

knives; and a bayonet-form lance point with medial ridge, a

chronotype indicative of the period 1000–1200 CE (De Laguna,

1956, 1975; Clark, 1974; Jordan and Knecht, 1988). Stone adze

blades, a sea mammal oil lamp, and coal beads were also found,

but Russian trade items were absent. Hundreds of pieces of animal

bone—evidently from birds, marine mammals, and possibly land

mammals - were collected from the house floors and midden

but preservation was very poor due to soil acidity. All were tiny

fragments burned to the point of calcification and unidentifiable

beyond zoological order. Chugach advisors attributed these

fragments to the custom of tossing bones into a cooking fire to

chase away storms, called pinahsuhtut (“they are hunting for good

weather”) (Nick Tanape, Sr., personal communication, June 25,

2002). No analysis of this material was attempted except for a small

1994 sample (n= 74) that included 18 marine mammal fragments,

26 pieces identifiable only as mammal, and a bird carpometacarpus

(Yarborough, 1998).

Early Contact Village (XBS-029)
The Early Contact Village (XBS-029) is on the west side of

Aialik Bay in the productive fiord mouth area, with access by

kayak to fishing sites and to seabird colonies, sea lions, and seals

in the Chiswell Islands (Crowell and Mann, 1998; Crowell, 2006;

Crowell et al., 2008). The site includes a 50 cm-thick midden

mound with abundant shell and well-preserved faunal remains,

seven house depressions (Structures 1, 2, 3, 4, 10, 12, 16), four

cache pits (Structures 5, 7, 11, 14), and two aboveground sod wall

features (Structures 6, 13; Figure 11C). Dwellings are a combination

of summer and winter houses, the latter including Structure 10

which had an interior hearth, log-reinforced walls, and a side

room for storage or sleeping. The stratigraphy of the midden

suggests rapid deposition over three seasons—a spring-summer

middle level containing abundant faunal remains and implements

for hunting and fishing, and fall-winter layers above and below

this stratum containing abundant fire-cracked rock but few animal

bones or tools.

The Early Contact Village was established shorty before

or after 1800 CE, corresponding to the PDO cold phase of

1798–1816 (Gedalof and Smith, 2001). Dating of the site is

based on a radiocarbon sample from the lower midden (1779

cal. CE, Supplementary Table S1); a seriation date of 1790–

1810 CE derived from glass trade beads (Crowell, 1997); and

the presence of other early Russian trade items including a

forged iron knife blade, window and bottle glass, and a ½

kopeck coin minted in 1748 (Crowell et al., 2008). Chugach

residents might have been trading fish, game, and furs to

Russians at Voskresenskii fort, established at what is now

Seward in 1793. The majority of artifacts found at the site

are Chugach traditional forms including ground slate lance

and arrow points, knives, preforms, and debitage; cobble spall

scrapers; two-part bone fishhooks; barbed bone dart heads; and

bone toggling harpoon heads (Figure 13). One small toggling

head (Figure 13FF) may have been for spearing salmon at weirs,

a method that has been historically documented at Nanwalek

(Stanek, 1999).

Identification of faunal remains (n = 26,436) from

the midden and house excavations (Yarborough, 1998;

Yesner, 2004; Hanson, 2007) allows a detailed assessment of

subsistence practices (Table 3). Shellfish including mussels,

chitons, cockles, and Pacific littleneck clams were harvested

from local beaches and rocky intertidal zones. The most

frequently taken fish were Gadidae (69.1% of identified

specimens), dominated by Pacific cod with a few Alaska

pollock. Second were rockfishes (Scorpaenidae, 24%), with

other taxa of minor importance including halibut (Pleuronectidae,

3.4%), sculpins (Cottidae, 1.4%), salmon (Salmonidae 1.1%),

greenlings or lingcod (Hexagrammidae, 0.9%), and herring

(Clupeidae, 0.1%). Spines, rays, ribs, and branchials were

not identified to family or genus, accounting for the large

number of unidentified fish bones (Hanson, 2007). Cod,

rockfish, and other species were taken with two-piece

bone fishhooks (Figures 13AA–CC). Capelin, herring, sand

lance, and other forage fish identified in the Aialik Bay

biological surveys were absent or scarcely represented in

the midden because these species are too small for line

fishing, and no evidence of nets such as sinkers or floats

was found.

Based on a minimum number of individuals (MNI) analysis of

the faunal sample from a 1 × 1m 1994 test pit in the midden (n

= 5,757) an estimated 37% by weight of all meat consumed at the

site came fromGadidae (Yarborough, 1998). The dominance of cod

and minimal presence of other fishes including salmon, pollock,

flounder, and halibut is consistent with cool ocean temperatures,

estimated from XBS-029 cod otoliths to have averaged about 8.3◦C

at the time of occupation (Helser et al., 2018), and with cod-

dominant biological regimes of the late Little Ice Age (Maschner

et al., 2008).

Alcidae were the predominant avian family consumed

(89.6% of identified birds) including puffins, murres, auklets,
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FIGURE 12

Artifacts from the Bear Cove (XBS-030) site. (A) Slate bayonet-form lance blade with medial ridge; (B–E) slate triangular endblades for lances; (F, G)

slate arrowpoints with barbed bases; (H, I) beads made of hard coal; (J–L) slate and greenstone blades for hafted knives; (M, N) slate semilunar knife

blades; (O, P) pecked greenstone heads for hafted adzes; (Q) pecked stone seal oil lamp.

and guillemots, an abundance suggesting that these seabirds

had ample forage in the outer fiord. There were relatively

few ducks (Anatidae, 4.8%), cormorants (Phalacrocoracidae,

3.6%), loons (Gaviidae, 0.8%), eagles (Accipitridae, 0.5%),

ptarmigans (Phasianidae, 0.5%), and shorebirds (Charadriidae,

0.2%) (Yesner, 2004). Alcidae would have been obtained by

kayak hunting using bird darts or by cliff harvesting at the

rookeries in the Chiswell Islands. While Alcidae do not have

much edible meat their feathered pelts were used to make

birdskin parkas, and the intensive focus on these birds may have

been influenced by Russian colonial demand for such garments

(Davydov, 1977, p. 194).

The most important mammalian prey were harbor seals

(Phocidae, 44.4%), sea lions (Otaridae, 18.4%), animals identifiable

as either seal or sea lion (clade Pinnipedia, 25.2%), and

harbor or Dall porpoise (Phocoenidae, 19.9%). There was minor

representation of whales, possibly humpback (Cetacea, 2.0%) and

a single sea otter bone (Mustelidae, 0.1%). Meat from marine

mammals made up and estimated 45% of the diet by weight

(Yarborough, 1998).

Age patterning within the Otaridae and Phocidae suggest

differences in hunting methods. Sea lions show an age distribution

biased toward large, mature animals likely taken at sea (13.4%

immature, 26.1% juvenile, 60.5% adult, n = 357), whereas for

harbor seals there was amuch higher proportion of animals under 4

months of age compared to juveniles and adults (46.2% immature,

29.8% juvenile, 23.9% adult, n = 737) suggesting hunting at the

Aialik Glacier or Northwestern Glacier ice floe rookeries after the

pups were born. Chugach kayak hunting at Aialik Glacier has

been orally documented for the late 19th and early 20th centuries

(Stanek, 1985, 1999; Nick Tanape, Sr., personal communication,

June 25, 2002).

Terrestrial game taken with arrows, spears, or traps played a

minor role in subsistence. Animals included beaver, marmot, and

porcupine (Rodentia, 70.0% of identified land mammals); river

otter (Mustelidae, 12.5%); wolf or fox (Canidae, 10.0%); mountain

goat (Bovidae, 5.0%); and caribou (Cervidae, 2.5%).

Overall, subsistence activities at the Early Contact Village

show a strong maritime focus including gathering of intertidal

invertebrates; kayak hunting for sea lions, harbor seals, porpoises,

and whales with harpoons, darts, and lances in Aialik Bay, the

Chiswell Islands, and possibly Harris Bay; sealing at the Aialik or

Northwestern rookeries; birding for Alcidae in outer fiord areas

and the Chiswell Islands; and hook and line fishing for cod and

rockfish. Proportions of these animals in the faunal assemblage are

consistent with cool SST conditions.

Ayalik (XBS-014)
Cultural features at the Ayalik site (XBS-014), located on the

same beach as the Early Contact Village, include seven lowmounds

of charcoal-stained soil, fire-cracked rock, artifacts, and animal
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FIGURE 13

Artifacts from the Early Contact Village (XBS-029) site. (A–E) Tips of slate lance blades; (F–K) bases of barbed slate lance blades; (L) flaked slate lance

blade preform; (M) slate lance blade preform with flat-ground margins; (N–Q) preforms and finished triangular slate blades; (R, S) stemmed arrow

points; (T–Y) small triangular endblades for arrows or harpoons; (AA) bone fishhook shank; (BB, CC) bone fishhook barbs; (DD, EE) bone toggling

harpoon heads for seals with slot for slate endblades; (FF) miniature bone toggling harpoon head, possibly for salmon; (GG) tip for bone awl. Items

reflecting Russian trade included: (HH) thumbnail scraper flaked from flat clear glass; (II) green glass bottle fragment with retouch; (JJ) Russian

half-kopek with double eagle insignia dated 1748; (KK) copper arrow point; (LL) lead finger ring; (MM) forged iron knife blade with tang; (NN) drawn

glass trade beads; (OO) wire-wound glass trade beads.

bone (Figure 11C). The mounds are household debris deposited

in and around 19th century log cabins (Schaaf, 1989; Crowell and

Mann, 1998; Crowell, 2006; Tozzi, 2012). Artifacts recovered at

the site (n = 1,550) included factory-made whiteware ceramics;

glass beads; glass bottles; firearms (parts of percussion muskets

and breech-loading rifles, percussion caps, gunpower cans, lead

shot, rifle cartridges); iron and copper tools, parts, and fasteners;

and commercial cloth, buttons, and boots. Manufacturing dates for

these artifacts span approximately 1850–1920, with a mean of 1880

(Tozzi, 2012). A few items of Chugach manufacture were found

including copper spear heads, bird arrow blunt tips made from rifle

cartridges, and a bone dart socket.

The XBS-014 site, originally named Denton for its discoverers

(Schaaf, 1989), is securely identified as the former Chugach village

of Ayalik, whose residents traded seal skins and furs with the Alaska

Commercial Company store in English Bay (Nanwalek) during the

1870s (De Laguna, 1956; Luehrmann, 2008; Crowell, 2010) and

with the Lowell trading station at Seward, which operated from

1883 to the mid-1890s. Lowell paid Chugach hunting crews for

pelts of black bear, fox, mink, sea otter, and river otter obtained

along the Kenai coast (Cook andNorris, 1998, p. 70–73). According

to the late Nanwalek elders Joe Tanape and Walter Meganack, Sr.,

men of their fathers’ generation traveled by kayak or rowboat to

the area for hunting and fishing, joining up with relatives and

staying on the coast from October until May (Stanek, 1985, 1999).

In the late 19th century, Chugach people from Nuchek and other

settlements in Prince William Sound migrated west to Aialik Bay

and from there along the Kenai Coast to Kachemak Bay (Johnson,

1984; Stanek, 1999). In 2002, Elenore McMullen of Port Graham

recounted the story of her grandmother, Anesia Anahonak (b.

1886), who as a girl traveled with her family to Ayalik during the

migration. The group hunted for birds and harbor seals—the latter

said to be exceptionally abundant—and fished for cod and “bass”

(rockfish). Aialik Bay was remembered as “very cold” but a good

area for hunting (Smithsonian Institution and Pratt Museum, 2002;

Crowell, 2006).

Oral accounts of the late 19th century climate, subsistence

practices, and animal populations at Aialik Bay are confirmed by

paleoenvironmental and archaeofaunal data. Residence at Ayalik

village coincided with the late Little Ice Age cold PDO period
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TABLE 3 Faunal remains from the Early Contact Village site (XBS-029).

NISP NISP %

Shellfish

Mussel (Mytilidae) 637 79.7

Pacific blue mussel (Mytilus trossulus) 637

Chitons (Acanthochitonidae or

Mopaliidae)

147 18.4

Cockles (Cardiidae) 14 1.8

Venus clams (Veneridae) 1 0.1

Pacific littleneck clam (Leukoma

staminea)

1

Total identifiable shellfish 799 100.0

Unidentifiable shellfish fragments 18

Total shellfish 817

Fish

Cod (Gadidae) 2,243 69.1

Pacific cod (Gadus macrocephalus) 305

Alaska pollock (Theragra

chalcogramma)

11

Rockfish (Scorpaenidae) 781 24.0

Sebastes sp. 779

Flatfishes (Pleuronectidae) 110 3.4

Halibut (Hippoglossus stenolepis) 101

Sole/flounder 1

Sculpins (Cottidae) 45 1.4

Red Irish Lord (Hemilepidotus

hemilepidotus)

8

Hemilepidotus sp. 14

Salmon (Salmonidae) 37 1.1

Greenlings and Lingcods

(Hexagrammidae)

31 0.9

Greenlings (Hexagrammos sp.) 23

Lingcod (Ophiodon elongatus) 2

Herring (Clupidae) 1 0.1

Total identified fish 3,248 100.0

Unidentifiable fish fragments 13,911

Total fish 20,407

Birds

Auklets, Puffins, Murres, Murrelets

(Alcidae)

564 89.6

Horned or Tufted puffin 404

Common murre (Uria aalge) 124

Auklet 25

Pigeon guillemot (Cepphus columba) 7

Rhinocerous Auklet (Cerorhinca

monocerata)

4

Ducks (Anatidae) 30 4.8

(Continued)

TABLE 3 (Continued)

NISP NISP %

Cormorants (Phalacrocoracidae) 23 3.6

Phalacrocorax sp. 7

Double-crested cormorant

(Phalacrocorax auritus)

6

Pelagic cormorant (Phalacrocorax

pelagicus)

8

Loons (Gavidae) 5 0.8

Common Loon (Gavia immer) 1

Red-throated loon (Gavia stellata) 4

Eagles, hawks (Accipitidria) 3 0.5

Bald or Golden eagle 3

Ptarmigans (Phasianidae) 3 0.5

Willow ptarmigan (Lagopus

lagopus)

3

Shorebirds (Chardriidae) 1 0.1

Total identified birds 629 100.0

Unidentifiable bird bone fragments 404

Total birds 1,033

Sea mammals

Seals (Phocidae) 933 44.4

Harbor seal (Phoca vitulina) 933

Seals or Sea lions (Pinnipedia) 684 25.2

Porpoises (Phocoenidae) 541 19.9

Harbor porpoise (Phocoena

phocoena)

6

Dall’s porpoise (Phocoenoides dalli) 7

Sea lions, fur seals (Otariidae) 501 18.4

Sea lion (Eumetopias jubatus) 501

Whales (Cetacea) 55 2.0

Otters, weasels (Mustelidae) 1 0.1

Sea otter (Enhydra lutris) 1

Total identified sea mammals 2,715 100.0

Unidentifiable sea mammal

fragments

1,420

Total sea mammals 4,135

Land mammals

Rodents (Rodentia) 28 70.0

Beaver (Castor canadensis) 3

Hoary marmot (Marmota

caligata)

11

North American porcupine

(Erethizon dorsatum)

12

Otters, weasels (Mustelidae) 5 12.5

River otter (Lontra canadensis) 5

Dogs, wolves, foxes (Canidae) 4 10.0

(Continued)
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TABLE 3 (Continued)

NISP NISP %

Sheep, goats (Bovidae) 2 5.0

Mountain goat (Oreamnos

americanus)

2

Deer, moose, caribou (Cervidae) 1 2.5

Caribou (Rangifer tarandus) 1

Total identified land mammals 40 100.0

Unidentifiable land mammal fragments 4

Total land mammals 44

Unidentifiable mammal

981

Total sample (1994+ 2003) 26,436

Counts are number of identified species (NISP).

of 1840–1923 (Gedalof and Smith, 2001) when the average water

temperature was estimated from δ
18O isotope values in cod otoliths

to have been about 9.1◦C, warmer than the estimated 8.3◦C during

the Early Contact Village occupation (Helser et al., 2018).

Ayalik faunal remains (n = 18,246) also reflect a relatively

cool biological regime, although shifts in species representation

are evident (Table 4). Fish remains were predominantly Pacific cod

(Gadidae, 60.1% of identified bones) as at Early Contact Village,

but flatfishes including flounders, sole, and halibut made up a

larger portion of the assemblage (Pleuronectidae, 13.1%), slightly

exceeding rockfish (Scorpaenidae, 12.3%). Other fish included

sculpins (Cottidae, 8.7%), greenlings (Hexagrammidae, 1.7%), and

salmon (Salmonidae, 3.7%) (Hanson, 2009).

Puffins and murres (Alcidae, 49.2%) were the leading birds

harvested at Ayalik but eagles (Accipitidria, 17.8%), ducks and

geese (Anatidae, 11.4%), and cormorants (Phalacrocoracidae,

10.8%) were all taken in greater numbers than at Early

Contact Village, along with loons (Gavidae, 6.0%), gulls

(Laridae, 2.6%), grebes (Podicipedidae, 1.3%), and ptarmigan

(Phasianidae, 0.9%).

There was a particularly strong emphasis at Ayalik on harbor

seals (Phocidae, 78.0%), perhaps due in part to production of seal

skins and oil for the Alaska Commercial Company and the “hair

seal” industry that flourished in Alaska from the late 1860s to

1914 (Crowell, 2017, 2020). Sea lions (Otariidae, 18.0%), porpoises

(Phocoenidae, 3.2%), and unidentified whales (Cetacea, 0.2%)

comprised the remainder of the marine mammal bones (Yesner,

2010). The high proportion of very young animals among the

harbor seal remains (49% immature, 18% juveniles, 32% adults, n=

1,690) again suggests rookery hunting, while sea lions were selected

for larger animals and probably hunted at sea (16.4% immature,

31% juvenile, 52.2% adult, n = 335). Land mammals were a

minor component of the subsistence effort including porcupine and

marmot (Rodentia, 90.5% of identified land mammals) and caribou

(Cervidae, 9.5%).

Overall harvesting patterns at Ayalik were similar

to Early Contact Village but with shifts in fishing that

suggest reduced populations of Pacific cod and rockfish

and larger numbers of halibut and other flatfishes due

TABLE 4 Faunal remains from the Ayalik (Denton) site (XBS-014).

NISP NISP %

Shellfish

Total identifiable shellfish

Unidentifiable shellfish fragments 7

Total shellfish 7

Fish

Cod (Gadidae) 1,371 60.4

Pacific cod (Gadus macrocephalus) 90

Flatfishes (Pleuronectidae) 298 13.1

Flounders (Pleuronectes sp.) 76

Halibut (Hippoglossus stenolepis) 8

Starry flounder (Platichtys stellatus) 4

Butter sole (Pleuronectes isolepis) 2

Butter sole (Isopsetta isolepis) 1

Yellowfin sole (Limanda aspera) 1

Sole/flounder 1

Rockfish (Scorpaenidae) 278 12.3

Rockfishes (Sebastes sp.) 278

Sculpins (Cottidae) 197 8.7

Red Irish Lord (Hemilepidotus

hemilepidotus)

2

Hemilepidotus sp. 18

Great sculpin (Myoxocephalus

polycantocephalus)

10

Salmon (Salmonidae) 83 3.7

Greenlings and Lingcods

(Hexagrammidae)

38 1.7

Greenlings (Hexagrammos sp.) 31

Total identified fish 2,269 100.0

Unidentifiable fish fragments 10,660

Total fish 12,929

Birds

Auklets, Puffins, Murres, Murrelets

(Alcidae)

354 49.2

Horned or Tufted puffin 111

Common murre (Uria aalge) 209

Pigeon guillemot (Cepphus columba) 1

Eagles, hawks (Accipitidria) 128 17.8

Bald or Golden eagle 127

Falcon 1

Ducks, geese (Anatidae) 82 11.4

Harlequin duck (Histrionicus

histrionicus)

2

Scoter duck (Melanitta sp.) 21

Swan (Cygnus sp.) 3

Cormorants (Phalacrocoracidae) 78 10.8

(Continued)
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TABLE 4 (Continued)

NISP NISP %

Phalacrocorax sp. 25

Double-crested cormorant

(Phalacrocorax auritus)

15

Pelagic cormorant (Phalacrocorax

pelagicus)

38

Loons (Gavidae) 43 6.0

Common Loon (Gavia immer) 27

Loon (Gavia sp.) 16

Gulls (Laridae) 19 2.6

Glaucus, Herring, or other gull (Larus

sp.)

19

Grebes (Podicipedidae) 9 1.3

Red-necked or horned grebe

(Podiceps sp.)

9

Ptarmigans (Phasianidae) 7 0.9

Willow ptarmigan (Lagopus lagopus) 7

Total identified birds 720 100.0

Unidentifiable bird bone fragments 476

Total birds 1,196

Sea mammals

Seals (Phocidae) 3,066 78.0

Harbor seal (Phoca vitulina) 3,066

Sea lions, fur seals (Otariidae) 699 17.8

Sea lion (Eumetopias jubatus) 699

Porpoises (Phocoenidae) 125 3.2

Seals or Sea lions (Pinnipedia) 34 0.9

Whales (Cetacea) 8 0.2

Total identified sea mammals 3,932 100.0

Unidentifiable sea mammal fragments 106

Total sea mammals 4,038

Land mammals

Rodents (Rodentia) 57 90.5

Hoary marmot (Marmota

caligata)

3

North American porcupine

(Erethizon dorsatum)

54

Deer, moose, caribou (Cervidae) 6 9.5

Caribou (Rangifer tarandus) 6

Total identified land

mammals

63 100.0

Unidentifiable land mammal

fragments

3

Total land mammals 66

Unidentifiable mammal

10

Total sample (1994+ 2004) 18,246

Counts are number of identified species (NISP).

to increasing water temperatures. Salmon still comprised

<4% of identified fish. The take of Alcidae and other

seabirds was reduced, with more hunting of eagles and other

terrestrial birds. Harbor seals appear to have been the main

source of meat, oil, and skins for subsistence and possibly

commercial consumption.

Comparison to Post-1976 Chugach subsistence
The Little Ice Age faunal assemblages at Early Contact Village

and Ayalik contrast with themix of species consumed by Kachemak

Bay and Prince William Sound communities following the warm

PDO shift in 1976. In 1981–1983, residents of Nanwalek in

Kachemak Bay harvested 250 kg of subsistence foods per household

per year, led by salmon (66.5% by edible weight) and followed

by trout and other freshwater fish (10.4%), halibut and other

flatfish (10.1%), marine mammals (5.9%), and seabirds (0.2%)

(Stanek, 1985). At Chenega Bay in Prince William Sound during

1984–1985, residents harvested 462 kg of subsistence foods per

household, including 37.2% salmon, 9.1% halibut, 18.7% harbor

seals and sea lions, and 18.7% Sitka deer by edible weight (Stratton

and Chisum, 1986). Burgeoning salmon and flatfish populations

and the resulting subsistence focus on these fishes after 1976

are indicated.

The 1976–1977 regime shift was also accompanied by severe

declines in marine mammals, as reflected in subsistence takes at

Nanwalek and Chenega Bay. An 80%−90% population crash of

harbor seals took place during the 1970s (Ver Hoef and Frost,

2003; Hoover-Miller et al., 2011) and although conditions for the

crash were created by commercial overhunting in the 1960s, losses

of forage fish after 1976 contributed to the decline of seals and

their failure to recover (Crowell, 2020). A Chenega Bay hunter

interviewed in 1992 recalled “There was plenty of seal [before]

but. . . Seal Island in the early 80s did not have half of what I seen

with my dad [in 1968 or 1970]”; another said “They’re really scarce

now. I haven’t eaten seal in two months” (Haynes and Wolfe, 1999,

p. 111–112).

Discussion: the Chugach ecological
niche

The results of this study substantiate a long-standing pattern

of intermittent Chugach migration and occupation on the Kenai

Coast during periods of reduced ocean temperatures. Highly

productive glacial fiords on the Kenai Coast including Nuka Bay,

Harris Bay, and Aialik Bay have baseline populations of pelagic fish,

seabirds, and marine mammals that increase during periods of low

SSTs, and migration villages were situated in the outer portions

of these fiords where marine resources are most concentrated.

Archaeofaunal data from the Early Contact Village and Ayalik in

Aialik Bay confirm a primary reliance on cold water fauna and

negligible consumption of salmon. The Kenai Coast settlements

were used for varying periods of time from a few seasons to several

centuries, abandoned when the climate warmed, and in most

instances reoccupied during subsequent cooling cycles. During the

final century of the Little Ice Age, opportunities for trade with
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Russian and American fur companies may also have influenced

Chugach migration and hunting on the Kenai Coast.

Periods of higher temperatures were accompanied by return

migrations to Kachemak Bay and Prince William Sound and

switching of the principal subsistence focus to salmon, fished at

weirs to maximize production. Chugach subsistence economies

based on salmon, flatfish, freshwater fish, and terrestrial game,

with low sea mammal harvests, characterized modern Kachemak

Bay and Prince William Sound communities after the 1976 warm

PDO regime shift, demonstrating the pattern of resource switching

that accompanied return to these areas during warm phases of

previous centuries.

Although Chugach pulse migration may have occurred

throughout the Holocene it can be documented for only about the

last 2,000 years due to erosion and loss of the early Kenai Coast

archaeological record. Catastrophic natural events including the

earthquake of 1170 cal. CE and the Cook Inlet volcanic eruption

in the late 1300s also disrupted residence on the outer coast,

underlining challenges posed by the physical dynamism of the

region as well as its climatic and resource fluctuations.

The Chugach response to climatic and environmental change

may be characterized as a highly intentional, knowledge-based

strategy of mobilization for maximum productivity, with at least

part of the population moving to where rising resources were most

easily acquired in large quantities. A comparable situation has been

identified on Kodiak Island, where the marine mammal-focused

Late Kachemak culture transitioned to Koniag culture with onset

of the Medieval Warm Period, accompanied by the establishment

of extensive fishing villages along the Karluk, Ayakulik, and other

rivers on the southwest side of the island where salmon were

procured in mass quantities at river weirs (Knecht, 1995; Fitzhugh,

2003; Kopperl, 2003; Steffian et al., 2015). During the coldest

Little Ice Age temperatures of the late 18th century these fishing

villages were abandoned and the population shifted to the northern

and eastern coasts of the island where harbor seals, northern fur

seals, sea lions, and humpback whales became principal subsistence

targets (Clark, 1974, 1987; Crowell, 1994).

An emergent perspective of this study is that the entire

Chugach region was an ecologically heterogenous but culturally

unified territory and resource catchment. Indigenous ecological

and historical knowledge extended not only to the environs

of individual villages but to all parts of the coast including

places where prior generations once lived and which could be

reoccupied when the climate next turned and the order of animal

abundance was reshuffled. Even today, Nanwalek, Port Graham,

and Seldovia community members retain the names and locations

of the 19th century Kenai Coast villages, oral traditions about

the travels of their forebears, and ecological knowledge about

fiord biomes on the outer coast (Crowell, 2006, 2010). An elder

resident of Nanwalek said, “I did just about anything to hear the

stories of our ancestors; Aleuts [Sugpiat] have been survivors—

they survived.” A younger man who visited the archaeological

excavations in Aialik Bay said, “I kind of got chilled to the bone;

part of our people, it’s in my blood, part of our people lived

here and survived in these bays where there’s a lot of ice, wind,

and rain.”

Chugach community scholar Nick Tanape, Sr. related stories

from his father about how hunters from Kachemak Bay would

meet others at Aialik Bay, including people from Prince William

Sound. Visiting the seal rookery at Aialik Glacier in 2002, Mr.

Tanape said, “It would make a lot of sense to hunt in this

area. You can sneak around this floating ice to get to the seals.

They would be more abundant here in cooler weather, cooler

weather for them, especially in the summer. And there’s probably

more feed on the bottom for them” (Smithsonian Institution

and Pratt Museum, 2002). Tanape noted the plunge in seal

and sea lion populations over recent decades, underlining that

such environmental cues are closely monitored in contemporary

Chugach communities.

The Chugach role in the glacial fiord ecosystem of the central

Gulf of Alaska was the outcome of human niche construction

(HNC) (Hardesty, 1972; Fitzhugh et al., 2019). In evolutionary

ecology, niche refers to the energetic interrelationships of an

organism with its habitat and biotic community and niche

construction emphasizes the capacity for organisms to modify

natural selection and increase fitness (Lewontin, 1983; Kylafis

and Loreau, 2011; Odling-Smee et al., 2013). In place of natural

selection HNC emphasizes human agency and culture as the

means by which long-term survival (sustainability), resilience,

and ecosystem integration are achieved (Smith, 2007; Laland and

O’Brien, 2010).

For the Chugach, observational knowledge of glaciomarine

ecology across a broad region and of cyclical changes in the

abundance of key species, acquired over centuries and orally

transmitted to successive generations, was the foundation of a niche

that afforded flexible modes of energy extraction (subsistence)

under fluctuating climatic, biological, and physical conditions.

In addition, technologies for ocean travel, fishing, and hunting;

habitat-modifying constructions including houses, storage caches,

and fish weirs; and social cooperation for food production were

significant cultural elements from which an enduring ecosystemic

role, or niche, was constructed. Like other northern Indigenous

societies, the Chugach shaped their effective environment through

both perturbation, e.g., the construction of settlements and

modification of animal populations through hunting and fishing;

and relocation, including seasonal movements and migrations to

alternative habitats to take advantage of resource availabilities

(Odling-Smee et al., 2003; Laland and O’Brien, 2010). Over time,

enactment of these processes formed a cultural landscape on the

Kenai Coast that today includes both physical traces of ancestral

settlements (dwellings, middens, artifacts, archaeofaunal remains)

and an intangible geography of Chugach place names, memories,

and oral traditions (Cook and Norris, 1998; Crowell and Mann,

1998; Pratt and Heyes, 2022).
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