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Abstract Long-term data from Port Valdez and short-term
data from the northeastern Chukchi Sea were reviewed to gain
insights into temporal drivers of macrobenthic biodiversity in
Alaskan marine systems. Climate indices associated with
oceanographic processes, the Pacific Decadal Oscillation in
the North Pacific, and the Arctic Oscillation in the Arctic,
were strongly correlated with macrobenthic density and taxon
richness, indicating inadequacies of inferences concerning
biodiversity from short-term studies as shifts in benthic as-
semblages are possible when influenced by climate-driven
changes in water circulation. Species accumulation curves
demonstrate that less than 50 % of biodiversity information
may be captured in an area within two years, independent of
sampling scale, with 90 % captured in 17 years. Additionally,
assumptions of water temperature as a limiting factor for
benthic organisms may not hold in Alaska as many organisms
are widely dispersed across temperature regimes and, instead,
some species may be limited by regional-scale biological
interactions. Thus, species-specific investigations of life his-
tory and environmental tolerances together with long-term
data sets are needed to predict future climate-driven responses
to better conserve and manage resources. The two study areas
share 33 % of species in common as a result of oceanographic
linkages indicating that past geological history is as important
as current oceanographic conditions for our understanding of
the present. Better availability and retrospective analyses of
historic data will contribute to a greater understanding of
macroscale ecological patterns. The study also demonstrates
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the importance of considering broader studies in management
decisions, like the long-term Port Valdez study, that can in-
form decision processes for research in Arctic seas.
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Introduction

Understanding temporal elements of biodiversity (species
composition, species richness, and distribution patterns) for
marine conservation, monitoring, and management of ecosys-
tem functioning is an emerging issue but with poor definition.
The increasing magnitude of climate variations in high lati-
tude marine systems are forcing rapid changes resulting in
large ecosystem effects (Grebmeier et al. 2010; Doney et al.
2012; Grebmeier 2012). Yet researchers still have, at best,
only a basic understanding of how diversity may be affected.
Recent sea-ice reduction in US Arctic seas has altered diving
bird and marine mammal behavioral patterns and foraging
activities (Jay et al. 2012; Gall et al. 2013; Lovvorn et al.
2014; Dunton et al. 2014). Zooplankton communities covary
with oceanographic trends shifting to larger copepods and
associated increases in pelagic-feeding sea birds with earlier
flux of warmer conditions into the northeastern (NE) Chukchi
(Day et al. 2013; Gall et al. 2013; Questel et al. 2013;
Weingartner et al. 2013). Distributions of some macrobenthic
and megabenthic organisms have shifted in the Bering and
Chukchi Seas as well, reflecting biological responses to and
interactions with varying biological and environmental con-
ditions (Orensanz et al. 2004; Grebmeier 2012). Glacial fjords
are also demonstrating ecosystem changes due to increased
melting of glaciers (Renaud et al. 2007; Westawski et al.
2011). Increased glacial melting increases flow of sediment-
laden melt water, faster glacier recession, and exposure of new
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habitat to colonization and erosion. The increased melting of
glaciers amplifies the effect of fine sediment on macrofaunal
communities, and ultimately, indirect and residual effects of
glaciers will become more important over time.
Ecosystem-level management of marine communities re-
quires integrated investigations to understand the factors
influencing endpoints and critical ecological interactions.
Mechanisms driving marine production affect producers at
the functional group level and can drive distributional shifts
of species through variations in physical characteristics in-
cluding temperature, water circulation, and stratification
(Drinkwater et al. 2010). Effects of such mechanisms extend
to higher trophic levels as well. For example, the range of
fishes may directly reflect water temperature variations, and
water temperature may also drive distributional changes of
some invertebrate megafauna (Mueter and Litzow 2008;
Drinkwater et al. 2010). Investigations of the Barents,
Bering, and Chukchi Seas have established spatial back-
grounds for ecosystem variability (Grebmeier et al. 2006;
Day etal. 2013; Hunt et al. 2013), but temporal characteristics
of long-term change remain elusive. Ecosystems will respond
to variations in global climatic patterns with unpredictable
vectors of change as macroscale physical characteristics and
oceanographic patterns are perturbed, largely because under-
lying processes are not fully recognized. Effects from
regional-scale variations, however, may be more predictable
where the oceanographic drivers and faunal responses are
identified (Cloern et al. 2010). In general, however, drivers
of temporal variations in observed diversity patterns (project-
specific measurements of species assemblages) are not known
because, in part, long-term data are lacking, restricting infer-
ences and hindering conservation and management decisions.
Responses of benthic fauna to climatic variations depend
on location, oceanographic conditions, and environmental
shifts (Westawski et al. 2011). Distributional shifts in benthic
ostracods and bottom fishes reflect physiological limits and
water temperature variations in the Bering and Chukchi Seas
(Gemery et al. 2013; Kotwicki and Lauth 2013). Compared to
the Barents Sea, the low densities of predatory fishes in the
Chukchi Sea, a result of low water temperature, probably
contributes, to a great extent, to the species composition of
the benthos in the latter sea (Hunt et al. 2013; Kotwicki and
Lauth 2013). Reduced predation by fishes appears to release
the benthos from a top-down control in the Chukchi Sea, as
also noted by Stevenson and Lauth (2012) in the Bering Sea.
The transport of fauna northward through the Pacific-Arctic
Gateway (Woodgate et al. 2012; Budaeva and Rogacheva
2013) results in the dominance of cold-water north Pacific
species in muddy sediments of the Chukchi Sea (e.g.,
Maldane sarsi, Ennucula tenuis, Asterias amurensis,
Lethasterias nanimensis, and others; Feder et al. 1994b,
2005; Bluhm et al. 2009; Blanchard et al. 2013a; Budaeva
and Rogacheva 2013; Petryashov et al. 2013). Faunal
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distributions and species composition patterns reflect
regional-scale processes driving dispersal but also respond to
biological interactions, such as predation, and local variations
that influence ecosystem functioning like water circulation
and topographic deviations (Blanchard et al. 2013a;
Blanchard and Feder 2014).

Regional-scale climate variations can strongly influence
oceanographic characteristics and water circulation patterns
with significant influences on benthic fauna. The Pacific
Decadal Oscillation (PDO) index reflects anomalies in sea
surface temperature, and is a measure of climatic variability
strongly associated with ecological processes in the North
Pacific Ocean (Hare and Mantua 2000; Mundy and Spies
2005; Pinchuk et al. 2008). In warm years (positive PDO
values), ecological processes can be altered through varied
processes such as increased coastal precipitation that can
strengthen stratification in the water column and increase
nearshore circulation (Neal et al. 2002; Mundy and Cooney
2005; Weingartner 2005; Blanchard et al. 2010; Cloern et al.
2010). Northward, the Arctic Oscillation (AO) index mea-
sures variations in sea level pressure over the Arctic Ocean
(Thompson and Wallace 1998). The AO is associated with
variations in polar winds over the Arctic, and is strongly
coupled to climatic fluctuations over the northern hemisphere
as well as variations in water circulation in the Beaufort Gyre
(Macdonald et al. 1999; Proshutinsky et al. 2002; Wang et al.
2009; Stroeve et al. 2011). Regional-scale climate processes
are now known to indirectly influence biological processes in
North Pacific coastal zones (Blanchard et al. 2010; Cloern
et al. 2010), and are likely to be drivers of temporal change
throughout Alaskan northern seas as well.

There is a paucity of mechanistic information at the species
level in Arctic seas explaining how and why macrobenthic
communities might vary with climatic patterns (Westawski
et al. 2011). Physiological limits of some benthic organisms
are clear and species distributions reflect limiting environmen-
tal characteristics (Gemery et al. 2013). It is generally assumed
that warming trends will lead to northward invasions (Sirenko
and Gagaev 2007; Drinkwater et al. 2010; Westawski et al.
2011), but as noted by Blanchard et al. (2013a), there is a
strong association between species present in southern
Alaskan waters and the Chukchi Sea, suggesting that the prior
assumption may not always hold. Additionally, latitudinal
limits are not always clear as, for example, the blue mussel
Mpytilus trossulus occurs from California to the Point Barrow,
Alaska region of the Chukchi Sea (Blanchard and Feder 1997;
Feder et al. 2003). Similarly, the barnacle Semibalanus
balanoides and the red King crab Paralithodes camtschaticus
can be found from British Columbia to the Chukchi Sea
(MacGinitie 1955; Rucker 1983; Feder et al. 1994b; NRC
1996; Blanchard et al. 2013a), and the seastar Pisaster
ochraceus extends from Baja California to at least Prince
William Sound, Alaska (Feder 1980). Other species with large
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geographic distributions include, for example, the bivalves
Ennucula tenuis and Macoma calcarea, the polychaetes
Levinsenia gracilis and Maldane sarsi, and the sea urchin
Strongylocentrotus droebachiensis (Hartman 1969; Blake
et al. 1996; Coon et al. 2000; Carlton 2007). Thus, the eco-
logical basis for species introductions into the Chukchi Sea
lacks clarity as many benthic species throughout Alaska’s
coastal waters are widely dispersed latitudinally and have
acclimated to high latitude conditions. Consequently, a better
understanding is needed for the biological mechanisms by
which benthic invertebrate fauna enter the Chukchi Sea and
why other species are prevented from colonizing the region.
Additionally, the absence of a long-term data record suitable
for assessing temporal change in macrobenthic communities
precludes inferences about long-term variations in the US
Arctic. As noted by Wassmann (2011), the Arctic is not
isolated and the bordering sub-arctic environments must also
be understood.

In Alaska, the temporal influence of climatic variations on
benthic macrofauna can be evaluated using a long-term data-
base from Port Valdez (Blanchard et al. 2010). Resampling of
the same deep benthic sites in the long-term study of the Port
Valdez ecosystem (1971-2012) provides a basis for inferences
relative to temporal variations of macrofauna and insights into
mechanisms for change. Additionally, multidisciplinary in-
vestigations in the NE Chukchi Sea from 2008-2012, provide
a basis for understanding short-term changes (Blanchard et al.
2013a, b). Thus, temporal trends in faunal characteristics are
presented for Port Valdez and the NE Chukchi Sea to better
understand how climatic variations might influence benthic
fauna in both areas and how future trends might be predicted
throughout Alaska’s seas. The emphasis is not on comparing
the two systems, but on evaluating each system for trends that
may reflect common influences of climatic variations. The
environmental background, factors influencing spatial com-
munity variability, and major conclusions of each research
program are reviewed to provide context and perspective for
the presented temporal aspects of biodiversity. This paper
contributes to understanding elements of biodiversity (distri-
butional patterns of fauna and richness = number of taxonom-
ic categories) by evaluating historic data for the US portion of
the Westawski et al. (2011) study area in Prince William
Sound, Alaska (see also Feder and Blanchard 1998; Hoberg
and Feder 2002) and presenting recent data from the NE
Chukchi Sea. Drivers of spatial variability for Port Valdez
are discussed in detail by Feder and Jewett (1988),
Blanchard (2006), and Blanchard et al. (2010). Feder et al.
(1994a, b), Grebmeier et al. (2006), and Blanchard et al.
(2013a, b) discuss sources for spatial variability in the NE
Chukchi Sea.

Climate definitions used here follow Drinkwater et al.
(2010) with the phrase climate variations being natural,
decadal-scale patterns and climate change referring to long-

term changes mainly associated with anthropogenic causes.
Climate affects marine systems through multistep processes,
but underlying processes are often unclear, particularly when
separating climate-driven natural variations from effects of
increasing climatic extremes that reflect human contributions.

Study areas and environmental background
Port Valdez, a glacial fjord

Investigations of the marine environment in Port Valdez were
initiated in 1968 and multidisciplinary, ecologically oriented
studies began in 1971 (Hood et al. 1973; Colonell 1980b;
Shaw and Hameedi 1988). Detailed biological studies were
performed from 1971 to 2012 encompassing dominant inter-
tidal and subtidal communities (Wiegers et al. 1998;
Blanchard et al. 2010). Port Valdez is a glacial outwash fjord
in the northeastern corner of Prince William Sound (PWS),
Alaska (Fig. 1). The fjord has two sills (at 120 m and 200 m
depth) and a relatively flat bottom in the deep basin varying
between 230-250 m depth (Hood et al. 1973; Colonell
1980b). Residence time of water in the fjord is estimated as
40 days with slow counterclockwise circulation. Bottom sed-
iments are dominated by silt and clay fractions carried to the
fjord in the glacial melt water from several rivers (Sharma and
Burbank 1973; Naidu and Klein 1988). Deep basin macrofau-
nal communities show relatively low density and richness and
moderate gradients in community structure associated with
higher sediment loads from glacial rivers in the east and
greater water depth (Feder and Matheke 1980b; Feder and
Jewett 1988; Blanchard et al. 2010). The environmental and
biological gradients in Port Valdez are similar to but weaker in
strength than those observed in fjords with tidewater glaciers
where ice gouging and very high sedimentation rates maintain
greater stress (Wlodarska- Kowalczuk et al. 2004, 2005;
Wlodarska-Kowalczuk and Pearson 2004; Wlodarska-
Kowalczuk et al. 2007; Kedra et al. 2010; Kedra et al. 2013).

The macrobenthos of Port Valdez demonstrates significant
spatial and temporal variability in response to natural and
anthropogenic perturbations. A magnitude 9.2 earthquake in
March, 1964, caused catastrophic disturbance to all marine
communities in Prince William Sound (Coulter and
Migliaccio 1971; Haven 1971; Hubbard 1971; NRC 1971).
Displaced sediments were deposited in the basin of Port
Valdez, restructuring sediment habitats and burying benthic
organisms. Sills of the fjord were barriers to recruitment of
benthic larvae in the deep basin, contributing in part, to the
long (26 years) recovery period for macrobenthos of the deep
basin from the 1964 earthquake (Blanchard et al. 2010).
However, a few species were numerous in Port Valdez after
the tsunami resulting from the 1964 earthquake (e.g., Ophiura
sarsi) but did not persist in the fjord environment (Blanchard
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Fig. 1 Sampling locations in Port Valdez, Alaska 1989-2012 for the Port Valdez Environmental Studies Program

et al. 2010). An additional source of temporal and spatial
variability for macrobenthos are releases and returns of hatch-
ery salmon from a shoreside facility that are associated with
increased benthic biomass suggesting increased carbon in the
fjord. Overlap of stresses from dredging and spoils disposal,
discharges from a fish processing plant, and movements of
vessels resulted in synergistic effects of these multiple
stressors on benthic fauna in Port Valdez (a cumulative effect;
Blanchard and Feder 2003). The latter small-scale study dem-
onstrated reduced benthic communities dominated by oppor-
tunistic fauna where fish wastes were spread to the disturbed
(dredged) sediments by vessel turbulence at a new dock. How
overlapping broad-scale environmental changes (the PDO,
carthquake, and salmon hatchery releases and returns) influ-
ence benthic fauna is unknown. Ultimately, the Port Valdez
study was very successful as an early warning system for
small-scale anthropogenic effects and as a means to under-
stand and separate natural and anthropogenic effects in the
ecosystem.

The northeastern Chukchi Sea, a shallow shelf system

The multidisciplinary Chukchi Sea Environmental Studies
Program (CSESP) has investigated the NE Chukchi Sea eco-
system from 2008-2013 (Day et al. 2013) at three focused
sites throughout the study period (Klondike, Burger, and
Statoil), with additional locations sampled from a larger study
area in 2011 and 2012 (Fig. 2; Blanchard et al. 2013a, b).
Resampling of the three study areas, Klondike, Burger, and
Statoil, from 2008-2012 (2010-2012 for Statoil), provides a
short temporal record for the study area.

@ Springer

The NE Chukchi Sea is a shallow sea strongly influenced
by water advected north from the Bering Sea. The northward
flow of water into the Chukchi Sea is driven by the greater sea
level height in the Pacific than in the Arctic Ocean. Water
proceeds along three principal pathways associated with ba-
thymetry: the Alaskan Coastal Current flows along the north-
west coast of Alaska to Barrow Canyon while Bering Sea
Water flows northward through the Central Channel between
Herald and Hanna shoals and through Barrow Canyon and
Herald Valley in the western Chukchi Sea (Fig. 2; Weingartner
et al. 2005; Woodgate et al. 2005). The flow of water through
the Pacific-Arctic Gateway from the Bering Sea northward
through the Chukchi Sea and into the Arctic Ocean entrains
heat, nutrients, and organic carbon contributing to ecological
characteristics of the Chukchi Sea including benthic produc-
tivity (Carey 1991; Dunton 1992; Feder et al. 1994b; Hunt
et al. 2013; Petryashov et al. 2013). Blanchard et al. (2013a)
noted strong similarities between the taxonomic composition
of sites in the NE Chukchi Sea and those of coastal Alaska and
the North Pacific Ocean reflecting the northward transport.
General environmental characteristics in the NE Chukchi Sea
follow the expected increase in depth and associated increase
in the percent of mud of sediments with greater distance
offshore (Feder et al. 1994b).

Ecosystem dynamics within the CSESP study area are
surprisingly complex over a small spatial extent (Day et al.
2013). As opposed to assumptions that the Chukchi Sea is
oceanographically smooth (Weingartner et al. 2005), new
findings indicate a more complex system with distributions
of benthic fauna reflecting ecologically significant deviations
in water circulation (Blanchard et al. 2013a, b; Day et al. 2013;
Weingartner et al. 2013). The complex water circulation
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Fig. 2 Sampling locations in the northeastern Chukchi Sea, 2008-2012 for the Chukchi Sea Environmental Studies Program

results in greater macrobenthic biomass and density in and
adjacent to Burger underneath a proposed convergence zone.
Observed associations between environmental and faunal
characteristics covary with sampling scale to the extent that
relationships could not be rescaled from mid-scales to large-
scales, a direct result of the interactions between water circu-
lation, bottom topography, and ecological processes control-
ling benthic fauna (Blanchard et al. 2013a, b; Blanchard and
Feder 2014). Recent sea ice reductions associated with long-
term climate variations is an environmental change potentially
with large ecosystem-level effects (Grebmeier et al. 2010;
Grebmeier 2012).

Methods

Macrobenthic communities were sampled in Port Valdez and
the NE Chukchi Sea using a 0.1 m? van Veen grab. Data for
this study included biomass (g m ?), density (ind. m ?), and
taxon richness (richness = the number of taxonomic categories

identified). A set of repeatedly sampled stations in the deep
basin of Port Valdez (stations 11, 27, 32, 40, 45, and 50;
Fig. 1) were selected for detailed analysis from Port Valdez,
although fauna from all stations sampled are included in the
overall taxon list. Effects from seasonal events are limited at
the deep sites (e.g., less exposure to turbulence from winter
storms, human activities) allowing a clearer analysis of long-
term trends. Limiting the data to 1989-2012 excludes the
years when the benthos was recovering from the 1964 earth-
quake. Nine repeatedly sampled locations from each of the
three focused CSESP study areas were selected for detailed
analysis in the NE Chukchi from 2008-2012, although all
stations sampled from the focused CSESP study areas are
included in the calculation of total taxa (Fig. 2).

Linear regression was applied to evaluate the relationship
of benthic community parameters with climatic variations.
Climatic data were the Pacific Decadal Oscillation Index
(Mantua et al. 1997; http://jisao.washington.edu/pdo), the
Arctic Oscillation index (Thompson and Wallace 1998;
http://jisao.washington.edu/ao/), and average summer
precipitation for Port Valdez (www.wrcc.dri.edu).
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Comparisons between annual average (January to December),
summer averages (March through September), or winter
averages (November through March) demonstrated that the
annual PDO was the strongest predictor of macrobenthic
characteristics in Port Valdez whereas the winter AO was the
strongest predictor for the Chukchi Sea. Macrobenthic
biomass, density, and taxon richness were regressed against
the PDO index for Port Valdez where the data record was long
enough to draw inferences. Macrobenthic summary measures
and biomass and density of selected taxon were also correlated
with climate indices. Regression and correlation were
performed using Excel, and Primer-e (Clarke and Gorley
2006) was used to estimate species accumulation curves.

Results
Responses of fauna to climate variations

The biological component of the PVESP provides a strong
temporal record for evaluating covariances between faunal
distributions and climatic variations. Annual variations in
climate positively influenced long-term density and richness
measures in the deep basin of the fjord, but the PDO was not a
significant predictor of overall biomass (Fig. 3; Table 1).
Looking closer, however, biomass and densities of five dom-
inant macrofaunal families in Port Valdez demonstrated vary-
ing associations with climate indices. Biomass and density of
polychaetes in the family Nephtyidae (predominately Nephtys
punctata) were strongly and negatively correlated with the
PDO index while polychaetes of the family Maldanidae were
moderately and positively correlated with the PDO (Table 2).
Density and biomass of the polychaete family Lumbrineridae
(Scoletoma spp.) and the bivalve families Thyasiridae (largely
the small clams Adontorhina cyclia and Axinopsida serricata)
and Tellinidae (Macoma spp.) were, at best, moderately cor-
related with the PDO index. Correlation analysis indicates that
biomass and density of Thyasiridae and Tellinidac were high-
ly and negatively correlated with summer precipitation,
whereas biomass and density of polychaete families were
not (Table 2). This pattern extends to the class level where
bivalve biomass and density had a negative correlation, both
moderately to strongly, with precipitation while bivalve bio-
mass and polychaete density were moderately correlated with
the PDO index.

Macrobenthic fauna in the Chukchi offshore region
showed significant differences among years and sites, but
changes were poorly reflected in bottom water temperature
and salinity (Fig. 4; see also Blanchard et al. 2013a). As in
Port Valdez, the significant temporal variability of
macrobenthic community density and richness was strongly
correlated with climate; the lowest average density and rich-
ness values in the CSESP were associated with an all-time low
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for Port Valdez, 1989-2012

in the Arctic Oscillation (AO) (Fig. 5). Biomass was not
strongly correlated with the AO. Although the time series in
the Chukchi Sea are too short to draw strong inferences
concerning responses of fauna to climatic variability, the
similar associations of macrobenthic characteristics with cli-
mate indices in two Alaskan study areas suggest common
pathways of influence.

Diversity

Similarities of macrofaunal community composition are
strong between Port Valdez and the NE Chukchi Sea. Two
hundred and seventy-six taxonomic categories were deter-
mined from Port Valdez for 1989-2012 over an area of

Table 1  Correlations of the Pacific Decadal Oscillation Index (PDO)
and total summer precipitation with macrobenthic biomass, density, and
richness from deep transect stations in Port Valdez, Alaska, 1989-2012

Variables PDO Precipitation
Biomass 0.08 -0.20
Density 0.57 0.00
Richness 0.51 0.22
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Table 2  Correlations of the Pacific Decadal Oscillation Index (PDO)
with macrobenthic families and dominant classes from deep transect
stations in Port Valdez, Alaska, 19892012

PDO Precipitation

Family Biomass Density Biomass Density
Lumbrineridae -0.07 0.38 0.02 0.09
Nephtyidae -0.61 -0.51 0.01 -0.27
Maldanidae 0.48 0.39 0.00 0.17
Tellinidae -0.02 -0.18 -0.48 -0.39
Thyasiridae -0.24 0.17 -0.55 —-0.60
Class

Bivalvia -0.31 0.23 -0.38 -0.51

Polychaeta -0.05 0.39 023 0.08

~100 km? (encompassing all stations sampled throughout the
fjord for 1989-2012; Fig. 1; Blanchard et al. 2010) compris-
ing 167 distinct species identifications, 109 families, and eight
phyla (Fig. 1; Supplementary Material Appendix I). A total of
321 taxonomic categories were determined from the Chukchi
Sea CSESP study area in 2008-2012 comprising 189 distinct
species identifications (taxonomic verifications in progress to
expand the species identifications), 161 families, and 17 phyla
over an areca of ~9,000 km? (Blanchard et al. 2013a;
Appendix I).

Species accumulations curves (with removals of higher
level categories) provided insights into temporal patterns of
observed diversity over multiple years of sampling. For sta-
tions in the deep basin of Port Valdez, the species accumula-
tion curve indicated that ~10 years were needed to adequately
document the species composition with an estimated 50 % or
less of observed species found in the first 2 years, 77 % found

in 10 years, and 90 % observed by year 17 (Fig. 6). The
species accumulation curve for the Chukchi Sea (also focus-
ing on the repeatedly sampled stations) has almost twice the
number of taxa but demonstrated a similar pattern with the
species accumulation curve demonstrating a steep, linear
slope after 5 years suggesting that so far, less than 50 % of
total species have been documented. Within all years, the
species list in Port Valdez was dominated by bivalves and
polychaetes and that of the Chukchi Sea from 2008-2012 was
dominated by amphipods, bivalves, gastropods, and poly-
chaetes (Figs. 7 and 8). The significant drop in richness for
Burger in 2010 (Fig. 4) results largely from a decline in the
richness of polychaetes (Fig. 8).

Discussion
Climate drivers of biodiversity

Biodiversity in the coastal waters and seas of Alaska is strong-
ly influenced by climate variations over short and decadal-
scale time periods. The correlations of macrobenthic faunal
characteristics with the Pacific Decadal Oscillation (PDO)
index in Port Valdez and the Arctic Oscillation (AO) in the
Chukchi Sea indicate adjustments of communities to regional
climatic variations over short to decadal time scales (Figs. 3
and 5; Blanchard et al. 2010). The PDO index reflects broad
spectrum oceanographic influences associated with Alaska’s
coastal ecosystem processes such that positive PDO values
(warmer sea surface temperatures) covary with increased wa-
ter circulation and precipitation (the River hypothesis in the
PWS ecosystem; Mooers and Wang 1998; Mundy and
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Cooney 2005). Decreased circulation is associated with neg-
ative PDO values (the Lake hypothesis). Blanchard et al.
(2010) noted a strong correlation between the PDO and char-
acteristics of macrobenthic communities, as demonstrated in
the present study (Fig. 3). A similar relationship between the
PDO and benthic community characteristics was observed in
San Francisco Bay (Cloern et al. 2010) and is also repeated in
the NE Chukchi Sea with the AO. The replicated relationships
in multiple environments indicate that regional climate factors
can have immediate effects on macrobenthic communities
throughout the regions influenced by the North Pacific. It is
apparent that a better understanding of species interactions
and factors driving potential macrobenthic alternate states is
needed to support conclusions of benthic responses to climate
variations. Further, short-term studies can mislead investiga-
tors concerning faunal distributions and responses to climate
variations if water circulation changes underlie shifts between
alternate stable states. Total biomass in our study was weakly
correlated with climate indices, likely reflecting the persis-
tence of larger individuals, rather than the more immediate
responses noted for density and richness reflecting annual
recruitment.

Physical mechanisms by which the AO may influence
Arctic physical oceanography and ecosystem characteristics
are not understood. The positive phase of the AO results in
stormy weather in the north because air pressure is weaker
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Fig. 6 Species accumulation curves of observed species for the Port
Valdez Environmental Studies Program for 19892012 and Chukchi
Sea Environmental Studies Program in 2008-2012. The solid line is the
smoothed estimator of observed species. Range = minimum and
maximum values of richness estimators (Sobs, Chaol, Chao2,
jackknife, and UME)
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while the negative AO phase is associated with higher air
pressure in the Arctic and warmer weather in high latitudes
(Thompson and Wallace 1998). The negative phase is also
associated with strengthened anticyclonic circulation of the
Beaufort Gyre in the Beaufort Sea, but effects on circulation in
the Chukchi Sea are not yet known (Proshutinsky and Johnson
1997; Proshutinsky et al. 2002; Wang et al. 2009; Stroeve
et al. 2011). Nevertheless, variations in water flow associated
with pressure changes may be one pathway for the AO (or the
related dipole anomaly; Wang et al. 2014) to influence Arctic
ecosystems, as with the PDO. Variability in water circulation
over the Chukchi shelf and exchange between the Chukchi
and Beaufort Seas may have Arctic-wide influences
(Kawaguchi et al. 2012; Williams et al. 2014). Conversely,
Williams et al. (2014) suggest that circulation in the Beaufort
Gyre may influence shelf-break exchange and circulation
dynamics as well. Water circulation may link the AO and
macrobenthic fauna variations in the NE Chukchi by remov-
ing larvae (increased circulation removing waters into the
Arctic Ocean), preventing larvae from entering the region
(increased strength of the Beaufort Gyre blocking circulation
of water north), or perturbing food delivery patterns, although
numerous other pathways are possible.

On very long time scales, sub-Arctic and Arctic shallow
shelf benthic habitats are recent marine habitats (via deglaci-
ation) and all marine biota in these environments are consid-
ered geologically-recent invaders (Nelson et al. 2014). Based
on the geological history of the present study areas, the colo-
nization of geologically recent marine habitats should have
resulted in a high similarity of species as the sediment habitats
and benthic communities adjusted over time. The faunal sim-
ilarities between Port Valdez and the Chukchi Sea (>30 %
overlap) suggest a common population source, likely due in
part, to the movement of some species into cold-water refugia
(Orensanz et al. 2004; Norton and Feder 2006). The climatic
and geological history that shaped the linkages observed in the
present is, thus, as relevant to current biodiversity patterns as
present oceanographic conditions (Ogasawara 2002; Hardy
et al. 2011a). It is critical, therefore, to understand how link-
ages may drive biological change in open marine systems like
the NE Chukchi Sea to better predict effects from climatic
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Fig. 8 Counts of taxon in dominant macrofaunal classes for the Chukchi
Sea, 2008-2012

variations. Currently, the broader historical data necessary to
fully support large-scale inferences about changes in Arctic
macrobenthos are unavailable.

Physiological limits, biotic interactions, and biodiversity
in Alaskan seas

Temperature effects on benthic fauna are not always clear, and
many species are able to adapt to large water temperature
changes over the ranges of their distribution (Westawski
et al. 2011). For example, the mussel Mytilus trossulus accli-
mates to large shifts in environmental and climatic conditions
along the North Pacific coast from California to Point Barrow,
Alaska by adjusting the timing of reproductive events and
growth (Blanchard and Feder 1997; Feder et al. 2003).
Similar acclimations to large-scale oceanographic variations
are noted for other species along the Pacific coast to Alaska as
well (MacGinitie 1955, 1959; Feder 1980; Rucker 1983;
Feder et al. 1994a, b; Blanchard and Feder 2000a; Blanchard
etal. 2013b). Overall, the overlap of benthic fauna from arctic
waters with communities of the North Pacific Coast is broad
(see Feder et al. 1980; Feder and Matheke 1980a; Feder and
Jewett 1986, 1988; Hoberg and Feder 2002). Thus, water
temperature may not be as strong a limiting factor as assumed
for many species in the Chukchi Sea because of plasticity in
physiology, ecology, and life histories, as noted for Arctic
species more generally by Westawski et al. (2011). In partic-
ular, the biological bases for range expansions in association
with climatic variations and environmental variables are not
known, except for a few species where information is avail-
able (e.g., Mytilus trossulus, Chionoecetes opilio, Elipidia,
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and Paradiopatra; Blanchard and Feder 1997, 2000b;
Orensanz et al. 2004; Hardy et al. 2011b; Budaeva and
Rogacheva 2013; Hollowed et al. 2013; see also MacGinitie
1955). Cold water does, however, limit the distribution of
benthic-feeding fishes in the northeastern Bering and
Chukchi Seas, releasing benthic communities from some
measure of top-down control (Stevenson and Lauth 2012;
Day et al. 2013; Kotwicki and Lauth 2013; Norcross et al.
2013), and cold water (~2—6 ° C) is also characteristic of Port
Valdez (Colonell 1980a). There is a general decline in the
presence of boreal species from mid-latitudes to the Arctic
(Westawski et al. 2011) and certainly, some invertebrate spe-
cies will migrate north with climate warming, but the biolog-
ical basis for understanding distributional patterns is lacking.

It is possible that some benthic fauna restricted to the
Chukchi are poor competitors and may represent residual
organisms from the original source population at the time of
deglaciation, rather than water temperature effects alone. A
species distribution may contract northward due to predation
or other factors, but the northward flowing water could pre-
vent their movement southward after relaxation of predation
pressures (Orensanz et al. 2004). Such an altered distribution
pattern would be confounded by a covariance with water
temperature as warmer water allows a northward movement
of predators, limiting prey distributions to colder waters.
Predation on invertebrates at all life stages can be a significant
source of variability and a structuring factor in macrobenthic
communities at various scales (Olafsson et al. 1994; Feder
et al. 2005, 2007). Modification of faunal distributions due to
biological/environmental interactions following disturbance is
common at small scales (Carroll and Highsmith 1996;
Blanchard 2006), so interactions at larger scales should be
expected (Orensanz et al. 2004). These unmeasured effects of
biological interactions on macrobenthic communities may
play large roles in the geographic distribution of animals,
and evaluation of species interactions over regional scales
may be an enlightening direction for research.

Given the overlap in macrobenthic species composition
between the two study areas, inferences about invasions of
benthic invertebrates into the US Arctic must be viewed with
caution. The northward flow of water into the NE Chukchi
leads to the prediction that species introductions would occur
as waters warm following global climate trends. Three epi-
faunal species are suggested as recent invaders (Sirenko and
Gagaev 2007; Westawski et al. 2011), although two of the
species were identified in primary sources for the region
dating to 1948 (MacGinitie 1955; Sparks and Pereyra 1966;
Feder et al. 1994a, b, 2005, 2007). Norton and Feder (2006)
demonstrated that the lack of observation of an animal (e.g.,
not presented in taxon lists) is not proof of its absence; a
species may be rare, living in refugia, sampling may be
inadequate relative to the spatial scale of the study area, not
all habitats may be sampled, or the species may be listed in
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sources difficult to access. Poor availability of earlier work
contributes directly to confusion concerning recent invaders
into the Chukchi, and further biodiversity studies are sug-
gested (Sirenko and Gagaev 2007; Blanchard et al. 2013b).
The present study demonstrates that new species will continue
to be observed for the next decade and beyond, simply as a
result of the accumulation of species over time (Fig. 6), as well
as greater sampling effort across varying habitats. Statistically
rigorous, long-term sampling of representative habitats in the
Chukchi Sea, rather than of unique habitats alone, will be
necessary to understand long-term trends and interrelation-
ships with environmental and oceanographic features
(Grebmeier et al. 2010; Blanchard et al. 2013a). Further, all
spatial scales should be considered (Blanchard and Feder
2014). Since macrofaunal community characteristics are di-
rectly linked to short-term and long-term variability of large-
scale physical processes, oceanographic variations will con-
found biodiversity investigations relying on a few spatially
and temporally dispersed sampling events.

Data gaps and future needs in Arctic seas

Data gaps confound attempts to draw inferences of long-term
trends, and are concerns for researchers in the Arctic.
Currently the understanding of Pan-Arctic ecosystems is
progressing due to integrated studies evaluating
macroecological processes. Studies encompass
macroecological predictors of benthic community structure
to factors driving ecosystem variability (Cusson and Bourget
2005; Cusson et al. 2007; Drinkwater et al. 2010; Blanchard
et al. 2013a, b; Dunton et al. 2005, 2014). Investigations of
Arctic benthic systems have evaluated linkages at macroscales
to Pan-Arctic scales (Grebmeier et al. 2006; Piepenburg et al.
2011; Westawski et al. 2011; Grebmeier 2012). Yet, numerous
data gaps remain, having arisen from sources as varied as
spatial and temporal sampling gaps, no information on spatial
and temporal interactions, mismatches in sampling locations,
and inadequate information on the distributions and life his-
tories of invertebrates in Alaska. Adding to the growing body
of knowledge, the information from Port Valdez and the NE
Chukchi Sea leads to a series of propositions that may provide
direction for future investigations to fill data gaps for Arctic
seas. The propositions are: (1) effects from climatic variations
need to be understood in terms of directed studies of macro-
faunal life history stages; (2) faunal composition and richness
will demonstrate ecologically significant temporal variations
due to normally varying oceanographic variations influencing
biological communities, potentially shifting between alternate
stable states; and (3) biotic/environmental interactions may
limit ranges of macrofaunal communities at regional scales
through environmental tolerances of predators.

Quantitative approaches to evaluating marine communities
are a strong component of environmental studies like the
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PVESP and CSESP. In contrast, statistical power, ranges of
inference, and sampling designs have sometimes been inade-
quately considered for benthic research in Arctic Seas.
Because it is difficult and expensive to sample macrobenthos,
particularly in high latitudes, there is a tendency to utilize any
data available, including opportunistic sampling of single data
points and pilot studies. Inferences based on trends of single or
a few data points where standard errors cannot be calculated
should be considered at best, as preliminary, and not accepted
as proof of trends. Simply put, low power studies without
adequate variance estimates do not provide a basis for infer-
ences concerning climate change or any environmental/
biological relationship. Additionally, failure to adapt sampling
to increased understanding of ecological processes can result
in a mismatch with too few samples in areas with important
environmental gradients, preventing determination of patterns
at multiple scales (Blanchard and Feder 2014). In concert with
funding gaps, sampling issues have contributed to large data
gaps in Arctic seas through inadequate spatial and temporal
sampling. Recent efforts are contributing to a stronger, long-
term database for understanding spatial and temporal interac-
tions including the Distributed Biological Observatory and the
CSESP (Grebmeier et al. 2010; Blanchard et al. 2013a).

The lack of access to historical work is an outstanding issue
for research and management of Alaska and other marine
habitats. While it is not clear what sampling effort will be
required to adequately document spatial and temporal biodi-
versity patterns, it can be expected that new species will be
recorded in the regions for decades to come, but historical
work can shed light on species previously known. At present,
too little is known about the composition, life histories, and
ecology of benthic fauna in the Chukchi Sea to infer change,
and direct or indirect climate-related distributional shifts can-
not be separated from other sources of variation. Given the
status of all fauna in Port Valdez and the NE Chukchi as
invaders (relative to geological history and repeated glaciation
events), it is imperative to understand true drivers of spatial
and temporal variability in the distribution of individual or-
ganisms, as opposed to the proxies for drivers such as sedi-
ment grain size and water depth, a question to which retro-
spective analysis of historical data may directly contribute.

Considerations for management and conservation in Arctic
benthic systems

Managing Arctic communities in light of unpredictable
changes and large data gaps is a great challenge. Recent
projections of benthic community adjustments to climatic
variations suggest variable responses as communities are
reshaped under complex environmental changes (Westawski
et al. 2011; Doney et al. 2012; Lurgi et al. 2012). While the
covariance of biodiversity with habitat heterogeneity and en-
vironmental disturbance is well known (Magurran 2004), the

wide environmental tolerances of many Alaskan and world-
wide Arctic benthic fauna make projecting future changes
even more difficult. Additionally, temporal aspects of biodi-
versity are poorly known but are a key to understanding
benthic community variability. As shown in the present study,
short-term studies from which biodiversity inferences are
made, are likely capturing less than 50 % of the faunal infor-
mation needed within 2 years and at best, ~75 % within 7 years
(Fig. 6). Additionally, the observed correlations of taxon
richness with climate indices in multiple environments sug-
gest high potential for confounding of conclusions from short-
term studies with background variability. The poor availability
of historical resources and low power studies also contribute
to reduced expectations for inferences concerning Arctic seas,
highlighting the need for consistent, long-term studies to
adequately document species assemblages with common sam-
pling frames. Predictability of future benthic responses to
environmental variations will remain low until confounding
issues (such as the biological bases for change and sampling
designs) are clarified. Given the importance of benthic fauna
to higher trophic level predators in the Arctic (extending to
coastal communities depending on subsistence harvests of
marine mammals), understanding drivers of spatial and tem-
poral variations in prey communities will be one key for
managing resources.

Monitoring biodiversity and ecosystem functioning is an
increasingly useful tool, but requires knowledge of past and
present conditions to predict future changes. The present study
demonstrates the importance of climatic variations as a tem-
poral predictor of benthic community characteristics, a role
usually attributed to primary production variations, suggesting
new directions of research may be required. In the long-term,
introductions of new benthic predators with increased water
warming will be a natural experiment for understanding large-
scale changes, but changes will only be detectable with ade-
quate sampling that is designed with forethought related to the
eventual long-term data sets and analyses (e.g., Blanchard
2006; Blanchard et al. 2010). It is suggested; therefore, that
the current emphasis on research at the oceanographic scales
in the NE Chukchi and other Arctic seas be adjusted to include
long-term monitoring of representative habitats, as well as
species-specific studies to determine distribution-limiting fac-
tors, as performed in Port Valdez (Blanchard and Feder 1997,
2000a, b, 2003; Blanchard et al. 2003, 2010).

As equally important, the definition of a basis for manage-
ment of benthic resources and biodiversity is needed in many
Alaskan and other Arctic coastal communities, particularly as
anthropogenic stressors increase. A basic framework can be
described for the Chukchi Sea, but significant elements are
still lacking. Environmental managers of the Port Valdez
environment faced a similar need to make significant deci-
sions in the absence of adequate data to predict anthropogenic
effects. The multidisciplinary PVESP provided that
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information by first understanding the ecosystem and impor-
tant physical drivers, identifying key biological resources for
further study and then focusing on those endpoints relevant to
local stressors under consideration with diversity as one end-
point. In the Chukchi Sea, the northward flow of water will
maintain biodiversity but ecosystem functioning may be al-
tered by changes in water circulation, even if the species
composition remains the same. The potential for large, indi-
rect effects from changes in water circulation to unduly influ-
ence benthic-feeding predators remains undefined (Blanchard
and Feder 2014). Nevertheless, declines in species density and
richness with strong negative PDO and AO values indicate
some potential exists in the Chukchi Sea. The underlying
similarities of benthic fauna and key habitat characteristics
suggest that the decision processes, evolution, and projection
of the PVESP into the present may be of value for current
management decisions at larger scales where data are still
accumulating and much is unknown (Shaw and Hameedi
1988; Blanchard et al. 2010).
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