Loss of sea ice and forage fish in the Chukchi Sea
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Loss of sea ice and forage fish in the Chukchi Sea

Abstract

Loss of sea ice alters habitat for organisms that function as energetic links in Arctic food
webs. To address the impacts of such changes on lower trophic levels we focus on forage fish
during the early life stages (polar cod: Boreogadus saida and saffron cod: Eleginus gracilis) and
copepods (Calanus spp. and Pseudocalanus spp.) in the Chukchi Sea with differing reliance on
sea ice environments. We assess distributions throughout years of varying ice extent (2010—
2013, 2015, 2017-2018) and diet resources during unprecedented warm years (2017, 2018) using
stable isotope analyses (bulk §'3C and 8!°N and 3'3C compound-specific isotope analysis of
amino acids). Calanus spp. and polar cod were found at relatively higher latitudes in closer
proximity to recent sea ice, whereas saffron cod were rare and Pseudocalanus spp. were
ubiquitous. Polar cod juveniles, but not larvae, were more common in open water, suggesting
that low ice and northward ocean currents interact to influence juvenile distributions. Low
summer sea ice also coincided with northward expansion of warm Pacific-origin water across the
shelf. Stable isotope 8'3C values reflected this latitudinal variation in water masses as well as
inshore-offshore gradients due to convergence of ocean currents. When summer sea ice was
absent during 2017, juvenile polar cod were dispersed across the shelf, abundances were low for
both copepod taxa, isotopic niche was reduced for polar cod, and carbon sources for some larval
polar cod reflected boreal-associated phytoplankton. Distributions and isotopic patterns suggest
that under low ice conditions, along-shelf wind reversals and weak currents can lead to
dominance of Pacific-origin water, mixing of organisms from various source locations, and
reductions in sea ice-influenced environments. Northward expansion of subarctic water masses
and organisms across the Chukchi shelf alters basal resources for lower trophic levels and

modifies pelagic habitats to more uniformly resemble lower latitude marine ecosystems.
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Loss of sea ice and forage fish in the Chukchi Sea

1. Introduction

Arctic warming leads to reductions in sea ice and has cascading impacts on marine
ecosystems such as altering the phenology and magnitude of algal blooms (Ji et al., 2013) and
the composition and distribution of organisms (Frainer et al., 2017). Sea ice algal blooms
contribute to seasonal primary production that forms the base of Arctic food webs (Griffith et al.,
2019) and typically occur during the spring when ice retreats (Tedesco et al., 2019). An extended
ice-free period may alter the timing of blooms and subsequent pelagic productivity pulses (Ji et
al., 2013; Wassmann and Reigstad, 2011), impacting trophic relationships and shifting Arctic
food webs from ice algae (sympagic) to phytoplankton (Kedra et al., 2019; Kortsch et al., 2015).
For example, forage fish and copepods rely on sea ice habitats and ice algal productivity to
varying degrees among seasons and throughout ontogeny, and are important links between
primary producers and upper trophic levels (Fortier et al., 1995; Koch et al. 2023; Sereide et al.,
2010).

Loss of'ice can coincide with other physical processes that exacerbate ecosystem
changes. Arctic continental shelf habitats connect subarctic environments with the high Arctic
and have undergone drastic declines in sea ice in the past few decades (Grebmeier 2012). In the
US Arctic, ocean currents through Bering Strait that connect the North Pacific Ocean with the
shelf habitats of the Chukchi Sea (henceforth Chukchi) are typically northward, with synoptic-
scale variations in water velocity forced by winds (Danielson et al., 2014; Woodgate et al.,
2005). Shifts in the direction or magnitude of winds or currents can affect temperatures, alter
water mass distributions (Danielson et al. 2017), increase the duration of open water (Serreze and
Barry, 2011), and expand distributions of subarctic plankton communities (Axler et al. 2023;

Spear et al., 2019). Warming also increases stratification and restricts nutrient delivery to the
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photic zone, favoring smaller plankton such as those found at lower latitudes (Wassmann and
Reigstad, 2011). Thus, in addition to loss of ice, the transport of warm Pacific-origin water into
the US Arctic modifies the shelf habitat to resemble subarctic marine ecosystems.
Unprecedented warming in the Arctic warrants an understanding of the impacts of loss of
sea ice on pelagic habitats, primary producers, and the potential for such changes to impact
marine food webs and ecosystems. Stable isotope analyses from animal tissues provide a method
to detect environmental change and shifts in basal resources that propagate across trophic levels
(Marsh et al., 2017; Schell et al., 1998). Generally, §'*C (8'3C; 8 notation is the ratio of heavy to
light isotopes relative to a standard) is indicative of carbon sources or spatial patterns in isotope
distributions (isoscapes); whereas nitrogen stable isotopes (8!°N) relate to trophic position due to
5N enrichment from prey to consumer (Jackson et al., 2011). However, disentangling the
specific drivers of variability can be challenging using bulk tissue analyses because 6'°N and
8!3C are influenced by physiological and biochemical processes that impact trophic fractionation
(Larsen et al., 2013). 8'*C from compound-specific isotope analysis of amino acids (CSIAA) can
better identify shifts in basal carbon resources utilized by an organism. Essential amino acids
(AA) can only be synthesized by bacteria, fungi, and photoautotrophs and are routed from the
diet directly into the tissue of the consumer, thereby minimizing trophic fractionation and the
need for isotopic baseline measurements (Larsen et al., 2013; McMahon et al., 2010).
Bulk isotope analyses paired with CSIAA can therefore be used to detect environmental change
associated with loss of sea ice including shifts in trophic position, variation in water masses
(Marsh et al., 2017), and changes in food web basal resources (Vane et al. 2023). Decadal
declines in carbon stable isotopes in the Arctic have been attributed to global anthropogenic

inputs of carbon dioxide (de la Vega et al., 2019), but isoscapes are influenced by several factors.
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Loss of sea ice and forage fish in the Chukchi Sea

Carbon isotopes can signal inputs to marine systems from land based sources and increased
riverine flow that is generally '3C-depleted compared to oceanic sources (de la Vega et al.,
2019). Proliferation and growth of primary producers that utilize the dissolved CO: pool during
blooms can lead to *C enrichment (higher ratio of *C to '2C; de la Vega et al., 2019; Sereide et
al., 2013). Basal carbon sources such as bacteria, phytoplankton, or sea ice-associated algae also
alter 8'3C (Zinkann et al. 2022), signifying impacts of sea ice decline and warming that may
cascade throughout Arctic food webs (Koch et al., 2023; Vane et al. 2023). Accordingly, stable
isotopes measured from lower trophic level organisms such as copepods and forage fish, that link
primary producers and upper trophic levels, can provide an indicator of changes in basal food
web resources and marine ecosystems.

Copepod and forage fish taxa that are important for energy transfer in Arctic food webs
are differentially linked to sympagic habitats, suggesting sensitivities to loss of sea ice for some
species. Large-bodied Calanus spp. copepods provide lipid-rich prey items for fish (Gray et al.,
2016), sea birds, and mammals (Sereide et al., 2010, Rogachev et al., 2008). Both C. glacialis
and C. marshallae are found in the Chukchi and are challenging to differentiate, but C. glacialis
is the predominant species in the region (Spear et al., 2019; Hopcroft et al., 2010). The life cycle
of C. glacialis is coupled with the sea ice algal bloom to support the energetic demands of
reproduction, and the subsequent phytoplankton bloom to provide food for offspring (Leu et al.,
2011; Sereide et al., 2010). Pseudocalanus spp. copepods have a smaller body size than Calanus
spp., but they are an important component of the zooplankton community due to high turnover
and biomass (Ershova et al., 2017). The genera is comprised of species found throughout the
Arctic and North Pacific that are virtually indistinguishable, with some species associated with

sea ice (Ershova et al., 2017). Thus, the genera as a whole is less coupled than Calanus spp. to
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sympagic habitats. Polar cod (Boreogadus saida) is the most prevalent forage fish species in the
Chukchi, but co-occurring gadids, including saffron cod (Eleginus gracilis), potentially play a
similar nodal role in Arctic food webs (Mueter et al. 2016). Polar cod serve as a critical link
between zooplankton and higher trophic levels such as birds and mammals (Hop and Gjesater,
2013). Eggs hatch under the ice (Bouchard and Fortier, 2008) and larvae primarily prey on
copepod eggs and nauplii (Bouchard and Fortier, 2020) before transitioning to a broader diet that
includes C. glacialis and non-copepod prey (Gray et al., 2016; Michaud et al., 1996). Saffron cod
are often in warmer waters than polar cod, and young fish are generally closer to shore (Vestfals
et al., 2019). Warmer temperatures are also more favorable for saffron cod growth and condition
compared to polar cod (Laurel et al., 2016), suggesting that a warming Arctic may be more
detrimental to polar cod.

Warming temperatures and loss of sea ice are expected to modify pelagic habitats and
food webs in the Arctic. Therefore, we focused on copepods and forage fish during the early life
stages with contrasting strong [polar cod and Calanus (Calanus spp.)] and weaker [saffron cod
and Pseudocalanus (Pseudocalanus spp.)] associations with sea ice as indicators of
environmental change on the Chukchi shelf. We assessed variation in (1) spatial distributions of
copepods and forage fish among years of differing ice extent to investigate the impacts of sea ice
on lower trophic level taxa presence, abundance, and composition, and (2) diet resources (3'3C,
8'°N and CSIAA §'3C) during years with anomalously low sea ice to examine the potential
impacts of loss of sea ice and associated shifts in pelagic habitats on basal food web resources.
Due to contrasting associations with sea ice habitats, we hypothesize that loss of sea ice alters

diet resources and has detrimental impacts on the presence of polar cod and Calanus, but has
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opposing impacts on saffron cod and Pseudocalanus, signifying potential changes in Arctic
marine food webs and ecosystems.

Methods
2.1 Environmental conditions

Physical oceanographic data, ichthyoplankton, and zooplankton were collected in the
summer during years of differing sea ice retreat and extent in the Chukchi (lowest: 2011, 2017—
2018; intermediate: 2010, 2015; highest: 2012, 2013; Figs. 1 and 2; Supplemental Figs. 1 and 2).
The Chukchi is primarily a shallow continental shelf habitat (average depth < 50 m) that extends
from Bering Strait in the south to the continental slope of the Arctic Basin in the north (Fig. 1)

and is ice covered for ~7 months of the year (Grebmeier et al. 1988).
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Figure 1. Schematic of prevailing currents (arrows depict major currents), bathymetry contours,
mooring location (asterisk), and bathymetric features (italics) in the Chukchi Sea. Adapted from

Stabeno et al. (2018) and Corlett and Pickart (2017).
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Sea ice extent (km?) was obtained from the National Snow and Ice Data Center monthly

average (https://nsidc.org). Sea ice concentration (percent of grid cell that is covered by ice) was

obtained from a NASA Jet Propulsion Laboratory Physical Oceanography Distributed Active
Archive Center data product (MUR-JPL-L4-GLOB-v4.1) with a 0.01 degree resolution (grid
cell) that includes data from the EUMETSAT Ocean and Sea Ice Satellite Application Facility

(OSI SAF) High Latitude Processing Center (https://podaac.jpl.nasa.gov/dataset/ MUR-JPL-1.4-

GLOB-v4.1). As an index of recent sea ice, sea ice concentration was averaged at each grid cell
from August 8-September 16 of each year to correspond with the general time period of
specimen collections (Supplemental Fig. 2).

Ocean currents can impact water masses and plankton distributions. Therefore, winds

from the European Centre for Medium-Range Weather Forecasts ERAS reanalysis

(https://climate.copernicus.eu/climate-reanalysis; Hersbach et al. 2020) and velocity records
from moored in situ current meters were used to evaluate variability in winds that impact surface
currents and depth-averaged currents that reflect motion of the interior water column,
respectively. Moorings were equipped with an upward-looking acoustic Doppler current profiler
(ADCP; Teledyne RD Instruments) or a single point recording current meter (Aanderaa RCM 9)
near the bottom (Stabeno et al., 2018). Data were collected at hourly intervals and processed
following manufacturers specifications. Since velocity records typically did not capture the
surface boundary layer, depth-averaged currents were calculated. When only a single-point
current meter collected data, its values were used because currents are highly correlated in the
vertical dimension and little vertical shear exists (Stabeno et al., 2018; Stabeno and McCabe,
2023). Both the winds and currents were low-pass filtered with a cosine-Lanczos window to

remove higher frequency variability.
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Loss of sea ice and forage fish in the Chukchi Sea

Velocity time series from a single mooring site were chosen and winds from the ERAS
reanalysis were interpolated to this location (Fig. 1). High correlations between currents
measured at this site and those measured at other locations throughout the Chukchi suggest this
site is representative of typical shelf flows in the region (Stabeno et al., 2018; Stabeno and
McCabe, 2023). Wind and current analyses focused on a two-month period (June 15—August 15)
to facilitate temporal comparisons among years. Dates generally preceded fish collections
(Supplemental Fig. 2) under the assumption that prior events impact dispersal and advection of
organisms, and consequently distributions and diet-related isotopic values. Winds and currents
were rotated 45° (positive northwest) to match the direction of the coast throughout most of the
sampling region (Fig. 1). Strength and directionality of winds impact surface currents and
frequent alterations could promote mixing, stirring, and retention. Therefore, the number of
along-shelf wind reversals and the decorrelation time scales (calculated as the first zero-crossing
of the autocorrelation function) were quantified for each two-month time period.

2.2 Spatial distributions

We focused on polar cod and saffron cod during the early life stages and calanoid
copepods (Calanus and Pseudocalanus) that were primarily collected using a paired 60-cm
bongo net (505 pm mesh) coupled with a paired 20-cm bongo net (153 um mesh) that was towed
obliquely from the surface to 10 m off the bottom or a maximum depth of 200 m (Matarese et al.,
2003). A Tucker Sled with a 1-m? net (333 um or 500 pum mesh) and a nested 20-cm diameter
net (150 um mesh) towed at a speed to 1.5-2.0 knots was used for some hauls to sample the
water column from the bottom to the surface (n = 226 of 598 for fish and n = 50 of 178 for
copepods). All nets were equipped with General Oceanics mechanical flowmeters to quantify

volume filtered. Samples were preserved in a 5% formalin-seawater solution buffered with
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sodium borate and sent to the Plankton Sorting and Identification Center in Szczecin, Poland, for
taxonomic identification. Ichthyoplankton were measured to the nearest 0.1 mm standard length
(SL). Verification and additional identification to lower taxonomic levels took place at the
National Oceanic and Atmospheric Administration’s Alaska Fisheries Science Center (NOAA
AFSC) in Seattle, WA, USA. Following standardized methods, ichthyoplankton catch per unit
effort (CPUE) was calculated as catch per 10 m? (Matarese et al., 2003) from 333 pum and 500
um mesh nets. Fish CPUE was separated into larval (defined as eggs and fish <30 mm SL) and
juvenile (> 30-50 mm SL) age groups (Vestfals et al., 2019), corresponding with age groups used
for stable isotope analyses (described below in section 2.3.2). Copepod CPUE was calculated as
catch m™ from 153 pm or 150 um mesh nets and combined copepodite and adult life stages.
Pseudocalanus were grouped by genera, and C. glacialis and C. marshallae were combined
following other studies (Hopcroft et al., 2010).

Spatial distribution data were restricted to August 8 to September 15 and latitudes greater
than 66 °N to confine surveys to a similar time period and spatial domain (Fig. 2; Supplemental
Fig. 2). Distributions of polar cod larvae, polar cod juveniles, Calanus, and Pseudocalanus in
relation to geographic location, sea ice, and sample year were modeled using Generalized
Additive Models (GAMs; packages mgcv; R Core Team 2017) to encompass nonlinear
relationships between explanatory and response variables (Wood, 2006). Models were not
developed for saffron cod due to limited sample sizes (Fig. 2). GAMs addressed differences in
spatial and temporal survey design among years (Fig. 2; Supplemental Fig. 2) by including
latitude, longitude, and day of year. Models were developed for polar cod using
presence/absence data due to a large proportion of zeros (Fig. 2). Logit-linked binomial GAMs

rather than zero-inflated modeling approaches (Zuur, 2009) were selected because analyses
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focused on interannual differences in sea ice and the impacts on polar cod geographic location
rather than more subtle differences in abundance among or within years. Calanus and
Pseudocalanus were present at most sampling locations and CPUEs varied by several orders of
magnitude, particularly for Calanus (Fig. 2), limiting the utility of presence/absence models.
Therefore, copepod distributions were modeled with a Tweedie distribution with a log link and
power (p; 1 <p <2) estimated during model fitting. A Tweedie distribution was selected based
on the ability to incorporate positive as well zero catch values (Vestfals et al., 2019; Wood,
2006) and comparisons of residuals from Tweedie, negative binomial, and Gaussian distribution
models. The most complex model formulations for polar cod larvae and juveniles (eq 1) and
Calanus and Pseudocalanus (eq 2) were:

P~ s(LON,, LAT))Year; + s(DOY;) + ICE; + Year; (eq 1)

CPUE; ~ s(LON,, LAT))Year; + s(DOY)) + ICE; + Year; + ¢ (eq 2)
Where s is a smoothing function and j is the haul. P is presence/absence (separate models for
larvae and juveniles), CPUE for Pseudocalanus is count m>, and CPUE for Calanus is square
root transformed count m™ in order to reduce the influence of exceptionally high values. Year is
collection year, DOY is the day of year of sampling, /CE is recent sea ice presence or absence at
haul locations from gridded satellite data, and ¢ is the error term. LAT and LON are incorporated
as a two-dimensional smoothing function and include an interaction with Year that denotes a
separate centered smooth for each year. Year is also included as a parametric term that is
necessary due to centering constraints (Wood, 2006). GAMs were constructed using thin plate
regression spline smooth terms (constrained to 4 knots for one-dimensional terms and 10 for
two-dimensional terms; Vestfals et al. 2019). Collinear variables were excluded if variance

inflation factors exceeded 3. Models were simplified using backwards elimination, assumptions

11
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were inspected using standard diagnostics (package mgev, gam.check function; Wood 2006), and
model results were plotted (package mgcViz; Fasiolo et al., 2020). Final models were selected
based on Akaike Information Criterion (AIC, Akaike 1998) and secondarily based on parsimony
as well as Un-Biased Risk Estimator (UBRE), Restricted Maximum Likelihood (REML), or
General Cross Validation (GCV) depending on model formulation (binomial, Tweedie, or
Gaussian, respectively) if AAIC was less than 2.
2.3 Environmental variability and diet resources

During 2017 and 2018, coinciding with unprecedented early ice retreat and low summer
sea ice (Supplemental Fig. 1), a targeted study with expanded physical oceanographic data was
conducted to determine the impacts of environmental conditions on diet-related stable isotopes
and carbon sources of focal taxa. Measurements from shipboard conductivity, temperature, depth
recorders (CTD; temperature, salinity, and fluorescence) were obtained from vertical profiles at
each station taken either immediately before or following plankton collections. Data were
collected using a Sea-Bird Electronics (SBE) 91 1plus system equipped a WET Labs ECO-
AFL/FL fluorescence sensor, processed using SBE software, and averaged in 1 m depth bins.

Water samples were used to calibrate conductivity measurements and to correct
fluorescence (flu) measurements. Discrete chlorophyll-a (chl-a) samples, available from a subset
of stations, were filtered through Osmonics glass fiber filters, stored at -80°C, and analyzed
within 6 months of collection. Chl-a was extracted in 90% acetone for 24 hours and
concentrations were determined using the acidification method (Lorenzen 1966) with a Turner
Designed TD700 fluorometer calibrated with pure chl-a or a Turner Designed Trilogy with a chl-
a acidification module. For each survey, flu and chl-a for the corresponding cast and depth bin (1

m) were used to develop linear correction equations (OS17-01: chl-a =0.65*flu+0.43, p<0.0001,
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17=0.42, F1457=330.7; HE17-02: chl-a =2.67*{lu-0.43, p<0.0001, r>=0.75, F1343=1032; HE18-01:
chl-a =0.27*flu-0.21, p<0.0001, r*=0.44, F1 450=357.4). Note that OS17-01, HE17-02, and HE18-
01 are referred to respectively as surveys 2017a, 2017b, 2018 in the manuscript to differentiate
years. Following flu corrections, values are reported as chl-a (mg m™) for analyses.

Pelagic environments on the Chukchi shelf are strongly influenced by water masses that
can be categorized to a certain extent from temperature and salinity (Corlett and Pickart 2017;
Danielson et al., 2017). These designations reflect water origin and a suite of conditions and
organisms associated with particular water masses (Logerwell et al., 2020; Spear et al., 2019).
Therefore, water masses were defined throughout the water column using temperature and
salinity data from CTD casts to depths of 200 m, corresponding with net tows and the estimated
depth range of young polar cod (Bouchard et al. 2016). Designations generally followed
guidelines from Corlett and Pickart (2017), but were reduced to four categories in order to focus
on water masses linked with sea ice and warm waters that enter the Chukchi through Bering
Strait. Reduced categories were determined from similarities in water mass origin, temperature
and salinity (Fig. 3a showing continuity between groups), and depth profiles (Fig. 3b, c).
Following inspection of temperature and salinity biplots and depth profiles, Melt water and
Atlantic water were retained, but Alaskan coastal and Bering summer waters were combined to
designate Pacific water, and Remnant winter and Newly ventilated winter waters were combined
and designated as Cold shelf (Fig. 3). We note that water mass designations from temperature
and salinity alone provide guidelines, but are unable to unambiguously separate low salinity
surface waters derived from runoff from melted sea ice in the absence of additional data such as

nutrients or stable isotopes (Mueter et al. 2021). However, there is a precedent for applying water
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mass designations from temperature and salinity in the Chukchi, and guidelines are similar
among studies (Corlett and Pickart 2017; Danielson et al., 2017).

Bulk stable isotopes (8'3C and 3'°N) and CSIAA §'3C included specimens collected
throughout the duration of each survey to obtain sufficient sample sizes (August 11-September
12,2017 and August 11-August 23, 2018). Calanus and Pseudocalanus (adult stages only, due to
challenges identifying frozen samples), polar cod larvae and juveniles (< 37 mm), and saffron
cod (£29.5 mm) from 153 pm and 500 um mesh nets were frozen at -80°C. Calanus glacialis
comprised the majority of identifiable Calanus species from frozen samples used for this study
(E. D. Goldstein, personal observation).

For zooplankton bulk isotope analyses, whole specimens were dried at 50°C until a stable
weight was maintained. Samples were then homogenized and prepared in tin capsules. Copepods
that were co-collected (same haul) were composited in a single capsule to obtain sufficient
sample weight.

CSIAA requires more tissue than bulk analyses, and was therefore limited to only fish.
Bulk analyses were performed for fish if tissue was available after CSIAA or if the total sample
weight was not sufficient for CSIAA. Heads and stomachs were removed and the remaining
tissue was dried at 50°C or freeze dried. If necessary, samples from the same haul were
combined to obtain sufficient weight within a size range of + 3 mm (< 2 SD) from the mean SL
of the fish used for the composite. For composites, mean SL was used for analyses.

All stable isotope analyses were conducted at NOAA AFSC in Juneau, Alaska, USA.
Tissues for bulk analyses were analyzed using a Thermo Scientific FlashSmart elemental
analyzer in line with a ThermoFinnigan DeltaPlus XP continuous-flow isotope ratio mass

spectrometer (CF-IRMS; Thermo Scientific, Bremen, Germany). Measured 8'*C and 8'°N values
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obtained from bulk isotopic sample analysis were scale-calibrated on the basis of
contemporaneously analyzed isotope reference materials of accepted 6 values relative to the
appropriate reference scale acting as scale anchors. Relative stable isotope abundance values are
reported in d notation and are given as per mil values (%o). The isotope reference materials used
were supplied by the International Atomic Energy Agency (IAEA-N-1, 8N = 0.4 + 0.2 %o;
IAEA-CH-7, 813C = —32.151 + 0.050 %o; IAEA-CH-3, 8'3C = —24.724 + 0.041 %o) and the
United States Geological Survey (USGS25, §'°C = —34.58 + 0.06 %o, 6'°’N=-0.94 + 0.16 %o;
USGS40, 313C = —26.389 + 0.042 %o, 6'°’N=-4.5 + 0.1 %o; USGS41, §'3C = +37.626 + 0.049 %o,
8N =47.6 + 0.2 %o). Internal laboratory standards were included with all samples as quality
controls. Internal laboratory standards had the following values and error (SD): purified
methionine, Alfa Aesar, §'3C = —34.58 + 0.06 %o, 8'°’N=-0.94 + 0.16 %0; homogenized Chinook
salmon muscle, NOAA Fisheries, §'°C = —19.27 & 0.05 %o, 8'°N = 15.56 + 0.13 %o). Long-term
records of internal standards yield an analytical precision (standard deviation) of 0.11 and 0.12%o
for 8'3C and for 8!°N, respectively.

Lipids are depleted in '3C compared to other tissues (Post et al., 2007), so bulk §'*C
values were corrected following Marsh et al. (2017) using equation (eq 3) for fish (Post et al.,
2007) and equation (eq 4) for copepods (El-Sabaawi et al., 2009):

813Ceor= 8"*Crmeasured — 3.32 + 0.99 * C:N (eq 3)

813Ceor= 8"*Crmeasured — 1.85 + 0.38 * C:N (eq 4)
where 8'3Ceor (henceforth referred to as §'3C) is the lipid-corrected value, 8'3Cumeasured is the
measured value from bulk isotope analyses, and C:N is the carbon to nitrogen ratio for each

sample.
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CSIAA sample preparation utilized a chloroformate-based method for amino-acid
derivatization (Walsh et al., 2014) and analysis was performed using a Trace 1310 gas
chromatograph (Thermo Electron, Bremen Germany) on a DB-23 column (Agilent
Technologies) coupled to a Delta V Advantage isotope ratio mass spectrometer via an Isolink II
combustion interface (Thermo Electron, Bremen, Germany). For amino acid 8'3C analysis, a 10
mg sample of freeze-dried and homogenized tissue was acid-hydrolyzed in a 6M HCI solution
for 70 min and then dried down in a temperature-controlled heating block at 60 °C under a
stream of purified nitrogen gas. The hydrolyzed amino acids were then derivatized in a solution
of methanol, pyridine, and methyl chloroformate (Sigma Aldrich, St. Louis, MO, USA) using a
one-step rapid derivatization method (Walsh et al., 2014) which has proven to be a simple, rapid,
and reliable method for 8'3C studies (Ohkouchi et al., 2017). Compound-specific 1*C amino acid
analysis was performed using a Trace 1310 gas chromatograph (Thermo Electron, Bremen
Germany) on a DB-23 column (Agilent Technologies). The gas chromatograph was coupled to a
Delta V Advantage isotope ratio mass spectrometer via an Isolink II combustion interface
(Thermo Electron, Bremen, Germany) at a reactor temperature of 1000 °C. For each analysis, a
0.5 pl aliquot of derivatized sample was injected into a deactivated splitless liner (Restek
Corporation, Bellefonte, PA) at 250 °C with a helium flow rate of 1.2 ml/ min. For each sample,
the 13C/"?C ratio was determined and calibrated to the international reference standard scale,
Vienna Pee Dee Belemnite (VPDB). Each sample was arithmetically corrected for the addition
of carbon during derivatization by running purified and derivatized amino acids of a known
isotopic value throughout the analytical sequence and applying a correction factor according to
the method described by Docherty et al. (2001).

2.3.1 Isotopic niche
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Loss of sea ice and forage fish in the Chukchi Sea

Three complementary methods were employed to determine isotopic niche, indicative of
the breadth of diet resources, based on variability in bulk 3'3C and 8!°N in biplot space: convex
hulls, standard ellipses using Maximum Likelihood with a correction for small sample size
(SEAc), and standard ellipses using a Bayesian framework (SEAg) to account for bias due to
sample sizes and unbalanced datasets (package SIBER; R Core Team 2017; Jackson et al. 2011).
Analyses excluded some samples to obtain comparable within-species spatial coverage between
years. Area of the truncated sample regions (excluding land) were calculated to compare with
SEAB.

2.3.2 Environmental influences on basal carbon sources

Factors that influence basal carbon sources for fish were determined using §!°C of
essential AA [Isoleucine (Iso), Lysine (Lys), Leucine (Leu), Methionine (Met), Phenylalanine
(Phe), and Valine (Val)]. Data were visualized with Principal Component Analyses (PCA) for
each species (excluding Met that was not measured for all specimens). PCA axis 1 scores were
then utilized as response variables in GAMs to assess the influence of the environment on diet
resources.

The water column in the Chukchi is depth-structured (Danielson et al. 2017) and young
fish or their prey could access carbon sources across depths (Bouchard et al. 2016; Runge and
Ingram, 1991). Therefore, GAMs, modeled with a Gaussian distribution, were used to address
the influences of the local physical environment and chl-a on CSIAA 8'3C of polar cod (due to
limited sample sizes of saffron cod). Physical variables throughout the top 200 m of the water
column were averaged because the depths of the fish were unknown, and while polar cod are
typically in the top 40 m of the water column, they can access resources at greater depths

(Bouchard et al., 2016). Additionally, initial data exploration partitioning the water column
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Loss of sea ice and forage fish in the Chukchi Sea

according to pycnocline depth (calculated for each station from CTD data) yielded negligible
depth-specific relationships with CSIAA 8'3C and the physical environment, despite the
expectation that the pycnocline acts as a boundary or region of aggregation for fish larvae
(Houde 2016). Therefore, the first model formulation incorporated depth-averaged
environmental variables:

PCij~ s(SLij)Year; + s(S))Year; + s(T;)Year; + s(Cj)Year; + Year; + ¢ij  (5)
where s is a one-dimensional smoothing function, i is sample (individual fish tissue or
composite) and j is the haul. PC is the PCA axis 1 score, SL is fish standard length (or average
length for composite samples), S is average salinity, 7 is average temperature, C is average chl-a,
and ¢ is the error term. Interactions between smooth terms and the factor Year denote the
inclusion of a separate centered smooth for each year (2017 and 2018). Year is a fixed effect in
the model that adds or subtracts a constant from the smoother for each year and is necessary due
to centering constraints (Wood 2006).

The second model formulation addressed whether carbon sources reflect changes in water
masses, as indicators of pelagic ecosystem shifts. Specifically, we explore whether the influx of
Pacific water or designations of sea ice signatures (Melf) impacted CSIAA. Not all water masses
were present at all stations, constraining factor level designations. Therefore, stations at which
Melt water was present in the water column were deemed Melt influenced as an indicator of sea
ice-influenced habitats. If Melt water was not present, but Pacific water was, then the station was
categorized as Pacific influenced. Fish size was included as a covariate because prey may differ
throughout growth and ontogeny. Chl-a was included to address the potential relationship
between primary producers and '3C enrichment due to blooms (de la Vega et al., 2019). The

most complex model formulation was:
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Loss of sea ice and forage fish in the Chukchi Sea

PC;j~ s(SLij)Year; + s(C)WM;+ WM, + Year; + ¢ij (6)

Following the same notation described for equation 5 with the exception of WM that
refers to Melt influenced or Pacific influenced locations (hauls) and was included as a factor.
Both equations (5) and (6) followed the same model selection procedures described for equations
(1) and (2).

2.3.3 Basal carbon source contributions

Carbon source contributions were assessed using isotope “fingerprints” from 8'*C of
essential AA from the forage fish and published values from the literature for potential sources
(Supplemental Table 1). “Fingerprints” are patterns in 3'3C that differ among primary producers
and can be used to identify carbon sources regardless of sample origin (Larsen et al., 2013; Rowe
etal., 2019, Whiteman et al., 2019). To obtain “fingerprints”, mean essential AA 3'3C was
calculated (i.e. average across lle, Val, Phe, and Leu due to data availability; Supplemental Table
1) and then subtracted from each unique 3'3C essential AA value (e.g. mean centered) for each
sample (Larsen et al., 2013). “Fingerprints” of Arctic gadids coincide with the primary producers
consumed by their major diet sources (copepod nauplii, copepodites, and some later copepod
stages; Bouchard and Fortier, 2020). Potential carbon source “fingerprints” were initially
incorporated a higher taxonomic resolution for microalgae than other groups due to its
importance in copepod diets (El-Sabaawi et al., 2009; Levinsen et al., 2000; Vargas and
Gonzalez, 2004) and to differentiate between diatom-dominated sea ice algae (von Quillfeldt et
al., 2003) and pelagic phytoplankton.

PCA and Linear Discriminant Analysis (LDA) were used to assess similarities between
“fingerprints” from potential carbon sources, polar cod larvae and juveniles, and saffron cod

(combined age groups for analyses due to sample sizes) and to inform source categories for
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Loss of sea ice and forage fish in the Chukchi Sea

isotope mixing models. The LDA (package MASS; R Core Team 2017) focused on taxonomic
categories and therefore excluded coarse groupings [sea ice particular organic matter (iPOM),
pelagic particular organic matter (pPOM), seston, and fjord], as well as macroalgae that are
likely not consumed by copepods. Phe was also excluded because it was collinear with Val,
violating an assumption of the analysis. Following initial formulation, taxa were iteratively
grouped according to proximity in multivariate space in PCAs and LDAs until correct LDA
predictions with leave-one-out cross validation were greater than 50% for all groups. This
resulted in three carbon source groups: (1) Microalgae (cryptophytes, chrysophytes, some genera
of cyanobacteria, haptophytes, chlorophytes, and diatoms); (2) Syn + Dino [Synechocococcus
and dinoflagellates; Synechocococcus ordinated more closely with dinoflagellates than other
cyanobacteria and were present in the Chukchi in recent years (Lomas et al., 2021)]; and (3)
Bacteria. LDAs were then used to predict carbon source group membership (projections onto
linear discriminants) of iPOM and pPOM to make inferences about their taxonomic composition,
and to inform the potential inclusion of the two groups in the mixing models. LDA predictions of
gadid “fingerprints” were used to determine likely diet resources.

Following the LDA that focused on taxonomic-groupings, Bayesian stable isotope
mixing models (MixSIAR; R core team 2017; Stock and Semmens, 2018) were employed to
assess the relative contributions of iPOM, pPOM, and Syn + Dino to fish diets. Multivariate
analyses indicated that iPOM and pPOM were primarily comprised of microalgae, but were
dissimilar to Synechocococcus and dinoflagellates, suggesting that the three groups reflect sea
ice, pelagic, and potentially subarctic (Flombaum et al., 2013) habitats and food sources. Fish
“fingerprints” were also dissimilar to Bacteria (Supplemental Fig. 3). Therefore, an a priori

approach (Phillips et al., 2014) with three end-members (iPOM, pPOM, and Syn + Dino) and
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four isotope tracers (Ile, Leu, Val, as well as Phe) was used for mixing models. Separate models
were developed for each fish species using a nominal trophic discrimination factor of 0.1 + 0.1%o
(McMahon et al., 2010). Models included a multiplicative error term to account for residual error
and process error (Stock and Semmens, 2016). Factors were included as combinations of age
groups and years for polar cod, and only year for saffron cod, due to small sample sizes that
prohibited other model formulations. Factor levels are biologically related, and were therefore
included as random effects which allowed the model to “borrow strength” between groups by
using a shared distribution with factor level offsets (Stock et al. 2018). Models were run with
1,000,000 iterations, with a burn-in of 500,000, a thinning factor of 500, and 3 chains to reach
model convergence based on Gelman-Rubin diagnostic and the Geweke diagnostic (Stock and
Semmens, 2018).
2. Results

3.1 Environmental conditions

Summer sea ice during the study was lower than most years in recent decades, with the
earliest ice retreat in 2017 and 2018, and the lowest extent from late spring through early fall
(May-August) since 1979 during 2017 (Supplemental Fig. 1). Within the survey region, summer
sea ice concentration was greatest in 2012 and 2013, followed by 2015 when ice was primarily

off the shelf (Fig. 2).
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Figure 2. Polar cod (a), saffron cod (b), Calanus (c¢) and Pseudocalanus (d) CPUE (count per 10 m?
for fish and count m™ for copepods). Larvae are eggs and fish <30 mm standard length (SL) and
juveniles are >30-50 mm SL. Sea ice concentration (color field) is averaged from August 8 to

September 15 in each year. Stations with zero catch are shown as an “x”.
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Figure 3. Temperature, salinity, density, and chl-a from CTD casts from 2017 and 2018 that
coincided with fish collections for stable isotope analyses. In (a), “All water mass categories” are
designations from Corlett and Pickart (2017) and are shown as rectangle polygons. “Combined
water masses” are shown as points. Data were collected throughout the water column at each station
and points are temperature and salinity measurements from CTD casts. Density and chl-a profiles
in (b) and (c) are color coded by “All water mass categories” and show depth profiles from CTD

measurements taken at the same stations as (a).

The frequency of along-shelf wind reversals and the magnitude of winds differed among
years, but there were often periods of a week or greater with a relatively sustained wind direction
(Fig. 4a). Winds were southwestward immediately prior to and up until specimen collections for
all years excluding 2012 and 2017. Over the two month period, winds in 2017 were distinctive
from other years as having the lowest decorrelation time scale and highest number of reversals.
Decorrelation timescales were also low in 2011, but the number of reversals was reduced

compared to 2017 (Fig. 4a).
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Along-shelf currents were primarily northeastward in agreement with prevailing currents
(Figs. 1 and 4b). Currents flowed to the southwest more frequently during the years with early
ice retreat and low sea ice coverage (2017 and 2018). The lowest mean northeastward current
velocity was in 2017, and 2018 was the only year with a southwestward mean current. During
2017, southwestward currents were primarily during the sampling time period, but in 2018 they

were prior to and during collections.
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Figure 4. (a) Time series of ERAS5 along-shelf winds, and (b) depth-averaged along-shelf currents
at a mooring site in the Chukchi (see Fig. 1). Winds and currents were rotated 45 degrees, with
positive values toward the northeast. Gray shading denotes periods of larval fish and copepod
collections. Decorrelation time scales and the number of along-shelf wind reversals during a two-
month period (arrows; Jun 15 to Aug 15) are indicated in the top panels. The means and standard
deviations of the depth-averaged along-shelf currents over the same time period (arrows) are

provided in the lower panels.

3.2 Spatial distributions
GAMs indicated that polar cod occurrence was related to geographic location and sea ice,

but low deviance explained suggested that additional factors also impact distributions (Table 1).

Polar cod larvae and juveniles occurred most frequently in the northern regions of the study

domain; particularly to the southeast of Hanna Shoal and near Barrow Canyon. However,
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distributions differed among years and between life stages (Fig. 2a, Supplemental Figs. 4 and 5).
Larval occurrence was not influenced by sea ice or DOY. Juvenile occurrence had a weak
positive relationship with DOY and was impacted by sea ice as evidenced by juvenile presence
in open water rather than overlapping with sea ice, particularly near the coast during 2012 and
2013 (Table 1, Fig. 2a, Supplemental Fig 5). Model results in 2010 and 2011, however, were
spurious and confirm the influence of other processes on distributions (Fig. 2a, Supplemental
Fig. 5). During 2017, when sea ice was exceptionally low, presence/absence of polar cod
juveniles was more uniform along the east-west direction than other years (Fig. 2a, Supplemental
Fig. 5). During 2018, the other year with extremely early ice retreat (Supplemental Fig. 1),
variation in occurrence of larval and juvenile polar cod was greatest in the east-west direction,
and juveniles were rare but concentrated in the northeast (Fig. 2a; Supplemental Figs. 4 and 5).

Saffron cod were rare in most years, limiting conclusive findings. Larvae and juveniles
were only found in open water, rather than regions with recent sea ice, and catches were highest
during 2015. Larvae, but not juveniles, were also present in 2017. Limited presence in other
years was nearshore and at lower latitudes (Fig. 2b).

Calanus distributions had some similarities with polar cod such as generally higher
concentrations at higher latitudes and in the northeastern region near Barrow Canyon and south
of Hanna Shoal (Fig. 2, Supplemental Figs. 4-6). In addition to year and geographic location, the
final model for Calanus included a weak inverse relationship between CPUE and DOY (reduced
abundance later in the summer) and a positive relationship with recent sea ice (Table 1,
Supplemental Fig. 6). Calanus were more abundant during years of greater ice extent (2012—
2015) compared to years with lower summer sea ice with the exclusion of 2018 (Supplemental

Fig. 6).
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Pseudocalanus were ubiquitous and CPUE was not influenced by sea ice or DOY.

Distributions differed among years but lacked consistent geographic patterns (Table 1, Fig 2d,

Supplemental Fig. 7). Pseudocalanus abundance varied between years but was discordant with

sea ice extent or presence. For example, CPUE was low from 2012-2017, encompassing years

when sea ice extent varied substantially (Table 1, Fig 2d, Supplemental Fig. 7).

Table 1. Generalized Additive Models showing the top two models (final model in bold with
asterisk) for polar cod larvae, polar cod juveniles, Calanus, and Pseudocalanus spatial
distributions as well as models addressing relationships between water mass and 8'3C CSIAA of
polar cod. Model equations (eq) and variables are described in the methods, but are simplified here
to exclude subscripts and error terms. Detailed model results are provided for the final model with
the exception of water mass models where the top two models had similar AIC and substantial
differences in deviance explained (Dev. expl.), but the final model was selected based on

parsimony and GCV (0.02 for both). Smooth term p-values and effective degrees of freedom (edf)

are shown as well as p-values and term estimates (estimate) for parametric terms.

Model Best-fit models Dev. AIC ~ Smooth term: Parametric term:
description expl. p-value (edf) p-value (estimate)
(eql) *P ~s(LON, LAT)Year 29.5 489.91 (LON,LAT)z010: 0.86 (2.81) Intercept: 0.71 (-84.32)
Polar cod + Year (LON,LAT)z011: 0.38 (2.00) 2011: 0.73 (79.02)
larvae (LON,LAT)2012: 0.10 (4.33)  2012: 0.72 (81.69)
distributions (LON,LAT)2013: <0.001 (2.00) 2013: 0.72 (83.27)
Ntotal = 621 (LON,LAT)2015: 0.03 (2.00) 2015: 0.72 (80.99)
(LON,LAT)2017: 0.03 (2.23)  2017: 0.72 ( 82.78)
(LON,LAT)2015: 0.84 (8.77)  2018: 0.76 (70.01)
P ~s(LON, LAT)Year + 29.8 490.23 - -
s(DOY) + Year
(eq 1) *P ~s(LON, LAT)Year 32.4 309.48 (LON,LAT)z010: 1.00 (2.00) Intercept: 1.00 (-92.55)
Polar cod + DOY+ICE + Year (LON,LAT)2011: 1.00 (2.00) DOY: 0.02 (0.07)
juvenile (LON,LAT)z012: 0.38 (2.00) ICE: 0.08 (1.18)
distributions (LON,LAT)z015: 0.39 (7.37)  2011:1.00 (-2.89)
Ntotal = 621 (LON,LAT)2015: 0.20 (2.00) 2012: 1.00 (71.30)
(LON,LAT)2017: 0.21 (2.00)  2013: 1.00 (70.65)
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(eq2)
Calanus
distributions
Ntotal = 331

(eq2)

distributions
Ntotal = 331

(eq5)

environment
Ntotal = 37

(eq 6)
Water masses
Niotal = 36

P ~s(LON, LAT) + DOY 22.0
+ ICE + Year
*CPUE ~ s(LON,
LAT)Year + s(DOY) +

CPUE ~ s(LON,
LAT)Year + ICE + Year
*CPUE ~ s(LON,
Pseudocalanus LAT) Year + Year

CPUE ~ s(LON,
LAT)Year + ICE + Year
*PC~ SL +C

Local physical linear model: R%qj=

PC~s(SL)+s5(C)

*PC ~ s(C)WM + WM

PC~ s(C)WM + WM + 47.6

31591

1624.74 (LON,LAT)z010

1625.47

4970.71 (LON,LAT)2010
(LON,LAT)z011: 0.70 (2.00)

4970.38

-27.80

-27.80

-34.32

-34.81

(LON,LAT)z015: 0.99 (2.81)

2015:1.00 (73.25)
2017:1.00 (72.31)
2018:1.00 (-1227.00)

: <0.001 (4.20) Intercept: 0.05 (0.87)

(LON,LAT)011: 0.002 (5.48) ICE: 0.02 (-0.28)

(LON,LAT)z012: 0.07 (2.00)
(LON,LAT)z013: 0.14 (2.00)

2011: 0.05 (-1.06)
2012: <0.001 (2.01)

(LON,LAT)3015: <0.001 (7.99) 2013: <0.001 (1.94)
(LON,LAT)2017: <0.001 (4.86) 2015: 0.09 (0.97)
(LON,LAT)015: 0.003 (6.62) 2017: 0.81 (0.12)

(DoY) :0.24 (1.93)

: 0.70 (4.56)

2018: <0.001 (1.64)

Intercept: <0.001 (6.84)
2011: 0.49 (0.20)

(LON,LAT)2012: <0.001 (5.85) 2012: 0.31 (-0.33)

(LON,LAT):z013: 0.85 (2.00)

2013: 0.52 (-0.20)

(LON,LAT)2015: <0.001 (7.03) 2015: 0.29 (-0.37)
(LON,LAT):017: <0.001 (6.98) 2017: 0.09 (-0.58)
(LON,LAT):015: <0.001 (6.51) 2018: 0.11 (0.46)

SL:0.13 (1.0)
C:0.03 (1.0)
Coracific influence: 0.02 (1.00)
Cwelt influence: 0.005 (2.90)

CPaciﬁc influence: 0.01 (1 00)
Chelr influence: 0.01 (29 1 )

Intercept: 0.70 (0.05)
SL: 0.13 (-0.01)

C: 0.03 (0.16)
Model: 0.04

Intercept: 1.00 (0.00)

Intercept: 0.81 (0.01)
Pacific influence: 0.34 (-0.05)

Intercept: 0.51 (-0.02)
Pacific influence: 0.47 (-0.03)
2018:0.17 (0.08)

3.2 Isotopic niche

Spatial patterns in bulk 3'3C were more uniform during 2017 than 2018 for all taxa (Fig.

5a). During 2018, 8!3C of copepods and polar cod increased inshore to offshore along the tightly-

packed stations across Barrow Canyon (Fig. 1; Fig. 5a). Copepod collections covered a large

geographic area and indicated that '*C was depleted off the slope north of Barrow Canyon (dark

grey for Calanus and color scale for Pseudocalanus; Fig. 5a, b) and '’N was depleted in the

south compared to north (light vs. dark gray; Fig. 5).
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Polar cod collection locations covered a greater spatial domain in 2017 than 2018, but
isotopic niche was reduced. This was primarily due to a narrower range of 8'3C (Fig 5; Table 2).
Reduced breadth of 3'3C was also evident for Calanus despite similar isotopic niche estimates
between years for the copepod (Fig 5; Table 2). Pseudocalanus isotopic niche was similar for
both years (Table 2). Sample size of saffron cod was low in 2017, but isotopic niche during 2018

was influenced by 8'°N to a greater degree than §!°C (Fig. 5b).
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Figure 5. (a) Bulk stable isotope collection locations. Points (specimens) within polygons

(dotted lines) were used in isotopic niche calculations and gray symbols (light gray for points

south of polygons and dark gray for all others) were excluded (Table 2). (b) Bulk stable

isotopes biplots. Colors show collection year and gray symbols correspond to those outside of

the polygons in (a). Dotted lines are isotopic niche estimates from convex hulls and solid lines

are 95 % prediction ellipses (SEAc; see Table 2).
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Table 2. Isotopic niche estimates from bulk 8'°C and 8'°N stable isotope values (see Fig. 5).
Ellipse areas were calculated using maximum likelihood with a correction for small sample size
(SEAc) and a Bayesian approach (SEAg). SEAg standardized to spatial area was calculated by

dividing SEAB and credible intervals by spatial area for each taxon and year.

Taxa Year Spatial Convex Ellipse area SEAsB SEAsB
area  hull area (SEAc/SEAB) 95% credible (CI low, CI high)
(km?) interval (CI) standardized to

(low, high)  spatial area
%o0° km? * 107

Polar cod 2017 38495 2.28 0.76/0.76 0.41,1.13 1.97 (1.07,2.94)

Polar cod 2018 29717 7.04 3.05/3.09 1.60, 4.82 10.40 (5.38, 16.22)
Saffroncod 2017 na na - - -

Saffron cod 2018 46422 7.84 4.32/4.52 1.91, 7.66 9.74 (4.11,16.50)
Calanus 2017 78996 3.77 2.07/2.09 1.07, 3.30 2.65 (1.35,4.18)

Calanus 2018 44133 5.08 2.48/2.62 1.38, 4.00 5.94 (3.13,9.06)

Pseudocalanus2017 57974 3.85 2.11/2.24 0.90, 3.87 3.86 (1.55,6.68)

Pseudocalanus2018 57126 7.97 2.26/2.31 1.29,3.45 4.04 (2.26, 6.04)

3.3 Basal carbon sources

Essential AA were generally 3C-depleted compared to non-essential AA in accordance
with minimal enrichment from trophic fractionation (Fig. 6a). There was variability in §!°C
among essential AA (particularly Iso and Lys compare to the others) following expectations for
isotopic “fingerprinting” methods that rely on essential AA isotopic variation (Larsen et al.
2009). Polar cod and saffron cod had similar essential AA 8'3C values, but during 2018 when
some saffron cod were also caught farther south (Fig. 7), there was a slight divergence between
species.

Concurrent enrichment or depletion of *C of all five essential AA coincided with the
majority of the variability in the data. The first two Principal Component (PC) axes did not
reflect changes in SL, but PC2 diverged between years. For both species, PC2 was most strongly

related to *C-enriched Lys and Val during 2018 and Phe during 2017 (Fig. 6b, ¢).
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Figure 6. (a) Mean (+SD) 8'3C values from compound-specific isotope analysis of amino

acids (AAs) for essential (Ile=Isoleucine, Lys=Lysine, Leu=Leucine, Met=Methionine,

Phe=Phenylalanine,

Val=Valine) and non-essential

(Ala=Alanine,

Asp=Aspartame,

Glu=Glutamate, Pro=Proline, Gly=Glycine) AAs for polar cod and saffron cod from 2017 and

2018. Separate principal component (PC) analyses using 6'3C from essential AAs for polar

cod (b) and saffron cod (c) show specimens as points and standard length as symbol size.

Percentages are amount of variability in the data explained by each PC axis.

Fish for CSIAA were primarily collected in the northern region of the study domain due

to fish presence and sample availability (Fig. 7). However, samples were collected from various

water masses that included regions with Melt, generally at the surface of the water column (Fig.

3), and regions with Pacific but not Melt (Fig. 7). The majority of the Chukchi was comprised of
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Pacific during 2017, but many fish were located, and therefore collected, outside of the region
where Pacific dominated the water column (Fig. 7). During 2018 when mean currents were
southwestward (Fig. 4b), Melt and Cold shelf extended south (Fig. 7). While Melt and low
salinity water from runoff and riverine sources cannot be definitively differentiated from
temperature and salinity (Mueter et al. 2021), Melt was primarily present offshore and at high
latitudes, supporting likely Melt influences (Fig. 7). Water mass spatial patterns also generally
coincided with other studies in the region, although sampling did not cover very nearshore areas
in the northern Chukchi that may be influenced by Pacific-origin water masses (Danielson et al.
2017; Marsh et al. 2017). Despite variation in water masses, spatial patterns in CSIAA showed
minimal discernible patterns except for the inshore to offshore gradient of '3C depletion to
enrichment across Barrow Canyon (labeled in Fig. 1). This gradient coincided with multiple

water masses across the canyon (Fig. 7).
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Figure 7. Water mass distributions and CSIAA sample locations from surveys in 2017 (2017a and
2017b) and 2018. Open circles are CTD stations where data were collected. Melt influenced refers
to stations with Melt water present in the water column. Pacific influenced refers to stations with
Pacific but no Melt. Colors show water masses that were present at each station within the top 200
m of the water column (see Fig. 3; C=Cold shelf, M=Melt, P=Pacific, A=Atlantic), with rarer water
mass observations shown in shades of red for ease of interpretation. Water masses are mapped
using Voronoi diagrams for visualization, warranting caution about interpretation of exact
geographic transitions between water masses. Gray symbols are principal component axis 1 scores
for polar cod (circles) and saffron cod (diamonds) from Fig. 6 and symbol size is standard length
(SL).

Essential AA 8'3C values of polar cod were minimally influenced by the average local
physical environment (eq 5) except for a weak relationship with chl-a (Table 1). Essential AA
8!3C was more strongly related to average chl-a in combination with whether sampling locations
were Pacific influenced or Melt influenced. Collection year also moderately improved the model

(Table 1). PC1 scores were generally greater (e.g. enriched essential AA §'3C) with increasing
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chl-a, but were only linear for Pacific influenced locations (Fig. 8). The nonlinear relationship in
Melt influenced environments was not associated with particular combinations of water masses,
suggesting that more specific water mass factor levels in GAMs would likely not capture
additional relationships between water masses and essential AA §!3C for polar cod. Within Melt

influenced waters, the highest chl-a and 8'3C were in 2018 and the lowest in 2017 (Fig. 8).
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Figure 8. Generalized additive model results showing the effect of chl-a on §'°C compound-
specific isotope analysis of amino acid (CSIAA) principal component (PC) axis 1 scores for
polar cod. Plots show separate smooths for Melt influenced and Pacific influenced stations with
data points plotted against the smooth, where symbol shapes designate collection year and
colors are the water masses present in the water column at each station (C=Cold shelf, M=Melt,
P=Pacific, A=Atlantic; see Figs. 2 and 7). Confidence bands are + two standard errors (gray

shading) and whiskers are data values.
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Figure 9. (a) Linear discriminant (LD) analysis of isotopic “fingerprints” of 3!3C essential
amino acids (Ile=Isoleucine, Val=Valine, Leu=Leucine) from potential carbon sources (Bacteria,
Microalgae, Syn + Dino; open circle points) and predictions (projections onto the linear
discriminants) for polar cod, saffron cod, ice-associated particular organic matter (iPOM), and
pelagic particulate organic matter (p)POM). (b) Truncated axes from (a) to show variation in
predictions among fish. Microalgae included cryptophytes, chrysophytes, some genera of
cyanobacteria, haptophytes, chlorophytes, and diatoms. Syn + Dino is Synechocococcus and
dinoflagellates. Axes show percentage of explained between-group variance and 95%
confidence ellipses are shown. Points are color coded by LDA subgroup and correspond to

specimens or literature-based values (Supplemental Table 1).
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Gadid isotopic “fingerprints” ordinated closely with Microalgae (Fig 9 and Supplemental
Fig. 3) and were most similar to chrysophytes, diatoms, cryptophytes, pPOM, and fjord samples
due to '*C enrichment of Val, particularly during 2018 (Supplemental Fig. 3 Supplemental Table
1). “Fingerprints” of both gadids were more similar to pPOM than iPOM (Fig 9 and
Supplemental Fig. 3). Phe 13C enrichment was associated with dinoflagellates and
Synechococcus, and during 2017 Phe was '3C-enriched for some polar cod larvae and saffron cod
(Figs. 6 and 9; Supplemental Fig. 3).

The LDA had an overall accuracy of 0.97 (Confidence Interval 0.85-1.00) with the lowest
correct classification for Syn + Dino (correct: 0.80, misclassified as Microalgae: 0.20) compared
to Microalgae (correct: 0.94, misclassified as Bacteria: 0.06) and Bacteria (correct: 1.00). LDA
group predictions for gadids suggested that carbon was primarily sourced from Microalgae with
potential contributions from either Synechococcus or dinoflagellates for some larval polar cod
and saffron cod during 2017 (Fig. 9). Additionally, pPOM primarily aligned with Microalgae,
whereas iPOM fell just outside the Microalgae designation, suggesting that iPOM reflects
additional primary producers. While iPOM was within the confidence ellipse of Syn + Dino,
isotope values of iPOM were 3C-enriched for both Ile and Val, and the broad confidence ellipse
for Syn + Dino was primarily driven by a single data point (cross-referenced to Synechococcus
lab culture; Supplemental Table 1; Vokhshoori et al. 2014). This separation between pPOM,
iPOM, and Syn + Dino in combination with similarities between some gadid “fingerprints” in
2017 and Syn + Dino lends support to the inclusion of the three end members for isotope mixing

models.
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The mixing models for Polar cod and saffron cod had high levels of uncertainty around
most estimates, but carbon sources were primarily pPOM or iPOM followed by Syn + Dino
(Figure 10). Uncertainty was potentially due to correlations between source proportions that can
inflate marginal uncertainty in estimates of proportional contributions (Phillips et al., 2014). In
particular, the strongest correlations were between iPOM and pPOM (-0.59 for polar cod and -
0.55 for saffron cod models) that had wide posterior density distributions (Fig. 10). Additionally,
posterior density distributions showing diet proportion estimates were sometimes multimodal
(Fig. 10). Despite these limitations, clear patterns emerged. Diet proportion estimates for all
polar cod combined and all saffron cod combined were broad, reflecting variation in diets among
groups (years and life stages; Fig. 10). Polar cod larvae in 2018, polar cod juveniles, and saffron
cod in both years primarily obtained carbon from pPOM, followed by iPOM. During 2017, both
saffron cod and larval polar cod obtained some carbon from Syn + Dino, which was excluded
from diets in 2018. Larval polar cod in 2017 also obtained a large proportion of carbon from
iPOM (Fig 10). Unlike larvae, juvenile Polar cod carbon sources were almost entirely pPOM

(Fig. 10).
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Figure 10. Scaled posterior density plots of diet estimates for forage fish from the Bayesian
mixing models for polar cod and saffron cod. Polar cod all and Saffron cod all refer to carbon

source contributions for all polar cod and saffron cod included in the species-specific models,
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and subsequent groupings refer to year or age group combinations included as a random effects

in the models with sample size (n) presented for each.
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Discussion
4.1 Spatial distributions

Distributions of pelagic lower trophic level organisms in the Chukchi were impacted by
sea ice and open water, and secondarily influenced by wind reversals and current strength and
direction. Concurrent with expected reliance on sympagic habitats, polar cod and Calanus were
generally most prevalent at higher latitudes compared to Pseudocalanus and limited observations
of saffron cod. Recent sea ice and earlier catch dates had positive relationships with Calanus
abundance, underscoring life history connections with sea ice phenology and habitat use (Leu et
al., 2011; Sereide et al., 2010). Direct relationships between recent sea ice and distributions
differed for larval and juvenile polar cod. Larvae hatch under the ice (Bouchard and Fortier,
2008), but larval distributions were not influenced by recent sea ice and juveniles occurred more
frequently in open water. Larvae at the time of collection may have remained in close proximity
to hatch locations, resulting in distributions that were near to, or overlap with, regions of recent
sea ice. In contrast, northward currents in ice free regions likely transported juvenile polar cod
from southern locations (Deary et al., 2021; Vestfals et al., 2021), particularly later in the
summer (positive impact of DOY) corresponding with growth throughout the season. Polar cod
in the Chukchi have a protracted hatch window, creating the potential for co-occurring larvae
and juveniles from multiple hatch dates and source locations (Chapman et al., 2023). Shared
regions of high abundance of copepods and fish in the northeast near Hanna Shoal and Barrow
Canyon support the role of transport and oceanographic convergence on distributions and pelagic
ecosystem structure in the Chukchi. Aggregation hotspots also coincided with increased lipid
content for polar cod (Copeman et al., 2022), hotspots for benthic organisms (Grebmeier et al.,

2015), and northward currents that join near Hanna Shoal before exiting the shelf through
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Barrow Canyon (Pickart et al., 2016; Stabeno et al., 2018). Accordingly, distributions are the
result of phenology and habitat use that are mediated by sea ice presence, and currents in open
water that promote mixing of southern and locally-sourced organisms.

Distributions during recent warm years support the combined influences of low sea ice,
winds, and currents. During 2017, polar cod juveniles and, to a lesser degree, larvae were
dispersed across the northern regions of the Chukchi shelf, Pseudocalanus abundance was low,
and CPUE of Calanus was low. Absence of sea ice, weaker along-shelf currents, and frequent
along-shelf wind reversals during 2017 differed markedly from other years. Under these unusual
conditions, weaker currents potentially retained organisms on the shelf while frequent wind
reversals dispersed water masses and organisms across the shelf (more uniform east-west
distributions). This differs from most years when northward flows advect young fish off the shelf
(Levine et al., 2021). Conditions in 2017 also contrasted with those in 2018 when ice retreated
early but was present at concentrations that were not detected by satellites (Supplemental Fig.
10) compared to the complete lack of ice in the late summer in 2017 (E. D. Goldstein, personal
observation). In contrast to 2017, directionality of currents in 2018 potentially pushed ice, Melt
water, and associated organisms southwestward, leading to an east-west gradient in polar cod
occurrence, and possibly increasing abundance of Calanus. Contrasts between the two years of
early ice retreat highlight the substantial influences of winds and currents on pelagic ecosystem
structure when sea ice extent is low.

Pseudocalanus distributions varied among years but were decoupled from sea ice,
potentially due to habitat use or taxonomic resolution that combined species with differing
habitats and life histories (Ershova et al. 2017). Calanus were also grouped by genera, but

specimens were likely dominated by C. glacialis (Spear et al. 2019), resulting in a positive
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relationship between sea ice and Calanus CPUE, and generally higher abundance at higher
latitudes. In contrast to surface-associated fish (Bouchard et al. 2016), Calanus and
Pseudocalanus CPUEs were low in 2017 and high in 2018. Abundances of both copepod taxa
may be related to depth-averaged currents (Runge and Ingram, 1991) that flowed northward in
2017 but shifted to the south in 2018.
4.2 Isotopic niche

Sea ice was exceptionally low during both 2017 and 2018, but wind, currents, and
distributions of copepods and young forage fish differed. Despite being limited to only two years
of data, environmental distinctions between the low ice years suggest potential shifts in habitat,
diets, and basal resources of young fish. Polar cod had a broader isotopic niche during 2018 than
2017 that was primarily a result of a greater range of 8'3C. Spatial patterns in §'*C and '*C
enrichment associated with northward transport through Bering Strait (Marsh et al., 2017; Schell
et al., 1998) suggest that the greater range of 8!°C was likely influenced by extensions of Melt
and Cold shelf waters farther south in 2018 due to a southwestward mean current direction.
Given the time lag of days to months associated with tissue integration (Vander Zanden et al.,
2015), differences in isotopic niche between years capture the influences of water mass diversity
and associated primary and secondary producers, as well as larval dispersal pathways. The
dominance of Pacific water and reduced isotopic niche for polar cod in 2017 coincided with
reduced lipid storage (Copeman et al., 2022), reflecting a shift in environmental and feeding
conditions and a more homogenous environment for a critical intermediary species in Arctic
food webs.

Isotopic niche variation between forage fish with differing tolerances to warming (Laurel

et al., 2016), different lipid profiles (Copeman et al., 2022), but similar functional roles in the
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food web suggest that changes in species abundance could alter trophic pathways and energy
transfer. Saffron cod had a narrower range of 3'°C and a greater range of 3'°N than polar cod.
Young polar cod rely heavily on calanoid copepods, whereas saffron cod feed from a more
diverse prey base (Bouchard and Fortier, 2020; Copeman et al., 2020). A narrower prey base for
polar cod could limit trophic range, but have a lesser impact on 8'*C that is likely influenced by
water masses to a greater degree than 8'°N. Adult calanoid copepods comprise a small portion of
young polar cod diets (Bouchard and Fortier, 2020), but greater variability in §'*C than 3'°N
between years for copepods was congruent with the pattern observed for polar cod. Sympagic
food webs show greater modularity and sensitivity to change than other high-latitude food webs
(Kortsch et al., 2019) and narrowing isotopic niche for polar cod could reflect such
vulnerabilities.
4.3 Basal carbon sources

Young polar cod diets are coupled with ice-algal food webs, but strong linkages may be
reduced in the absence of sea ice (Graham et al., 2014; Kohlbach et al., 2017). Polar cod were
present during the summers of 2017 and 2018, but sea ice and Melt signatures were largely
absent in 2017, suggesting that diets may be derived from alternative basal carbon sources.
Essential AA 3'3C showed little correlation with body length (ontogeny) but diverged between
years for both fish species. Spatial patterns were variable except for an inshore-offshore gradient
across Barrow Canyon that also coincided with gradients in bulk §'3C and transitions between
water masses. This gradient lends support to oceanographic convergence of pelagic organisms
and water masses at Barrow Canyon before they are funneled off the shelf, and suggests that
carbon source contributions to fish diets were influenced by water masses with distinct plankton

communities (Danielson et al., 2017; Logerwell et al., 2020).
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Heterogeneous patterns in 8'C across the majority of the shelf contradicts the influence
of water masses on essential AA 3'3C, but there are several factors that likely decouple direct
relationships. (1) Habitat use: Water masses are depth-stratified but specimens were collected
throughout the water column, precluding the ability to directly determine water mass occupancy.
(2) Diet preference: Polar cod may selectively feed on copepod species (Bouchard and Fortier,
2020) that may also utilize variable habitats or have restricted diets, thus impacting essential AA
813C despite differences in plankton and prey composition among water masses. (3) Transport:
Stable isotopes integrate diets over time, and the water mass from which a specimen was
collected could differ from previously occupied habitats. (4) Phytoplankton composition and
blooms: Essential AA §'3C had a positive relationship with chl-a (a proxy for phytoplankton
abundance or photosynthetic rates; Behrenfeld and Falkowski, 1997) but differed between
Pacific and Melt influenced waters. These relationships suggest that primary producers differed
among water masses and impacted 8'3C, but coincides with alterations in 3'*C depending on
growth of plankton or the progression of algal blooms (de la Vega et al., 2019). (5) Water mass
designations: Temperature and salinity alone cannot definitively separate Melt waters at the
surface from low salinity water derived from freshwater runoff (Mueter et al. 2021). Decoupling
of essential AA 3'3C with spatial patterns in water masses and nonlinear relationships with chl-a
in Melt influenced waters could be influenced by misclassified water masses given strict cutoffs
for designations. Land-based freshwater or Alaskan coastal water influences should be greatest
nearshore (Danielson et al. 2017; Marsh et al. 2017). Melt was primarily found offshore and at
high latitudes in the Chukchi, lending credence to water mass designations.

Presumably loss of sea ice, lack of Melt water, and increases in Pacific water coincide

with declines in sea ice algae and increases in pelagic phytoplankton. Sea ice algae is primarily
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comprised of diatoms that are found in high concentrations in the northern Chukchi (Crawford et
al., 2018), but can include other groups of microalgae that are found in temperate and Arctic
environments (Supplemental Table 1; Neukermans et al., 2018; Schollmeier et al., 2018).
Essential AA 8'3C of both forage fish were indicative of carbon sourced primarily from
Microalgae, and indeed, pPOM coincided with Microalgae “fingerprints” and made the greatest
proportional contribution to fish diets. Notably, even in the low ice years, iPOM likely remained
a carbon source, or signatures were retained in tissues, for both fish species into the late summer.
Diet contributions for juvenile polar cod were almost entirely from pPOM, in agreement with a
reduced dependency on sea ice environments and greater presence in open water.

Exceptions to the high contribution of pPPOM occurred during 2017 when '3C Phe
enrichment and Val depletion suggested a greater contribution from Synechocccus or
dinoflagellates for some larval polar cod and saffron cod. In contrast to potentially ice-associated
taxa, the picoplankton Synechocccus is primarily found in the southern Chukchi in warmer
Pacific water (Lomas et al. 2021; Flombaum et al., 2013). Alaskan Coastal water intrusion into
the Chukchi also increases autotrophic dinoflagellate biomass (the “fingerprint” used a
dinoflagellate group; Supplemental Table 1; Lee et al., 2014; Zhang et al., 2013). Pseudocalanus
diets can shift from diatoms and dinoflagellates in the spring to cyanobacteria in the summer
(Peters et al., 2006), highlighting the potential for trophic cascades. Putative diet shifts during
2017 are corroborated by evidence for reductions in diatom- and Calanus-sourced fatty acids for
larger juvenile polar cod in 2017 compared to other years (Copeman et al., 2022). Surprisingly,
the diet proportion of iPOM was greater than pPOM for larval polar cod in 2017. Some
microalgae groups overlap between pelagic and sea-ice habitats, creating challenges when

differentiating between the two sources (Vane et al., 2023) and potentially contributing to the
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uncertainty and bimodal posterior distributions in the mixing models. Alternatively, the
dichotomy between a higher proportion of iPOM in some diets, but contributions from Syn +
Dino in others might reflect wind-driven current reversals in 2017 and mixing of fish from
various source locations. The higher carbon contribution of Syn + Dino to larval polar cod diets
during 2017 indicates that exceptionally low sea ice and Pacific water over most of the Chukchi
shelf can impact basal carbon sources, potentially integrating a primarily subarctic primary
producer into Arctic food webs.
4.4 Conclusions

The comprehensive outcomes of early ice retreat on energy transfer and trophic links are
largely unknown and may differ among Arctic regions based on evidence for adaptability
(Graham et al., 2014), potentially positive (LeBlanc et al., 2019), and negative (Copeman et al.,
2022) impacts on Arctic forage fish. In the Chukchi, the pelagic environment is largely
influenced by sea ice, but as summer sea ice continues to decline, the influences of winds and
currents on lower trophic levels become more evident. Summer of 2017 provided an example of
the compounding effects of physical conditions that led to dominance of southern-origin water
masses, altered distributions of lower trophic level taxa, decreased isotopic niche for polar cod,
and shifted carbon sources of larval polar cod toward boreal-associated primary producers. Early
ice retreat alters the extent of sea ice-associated habitats, with multiple impacts on lower trophic
level taxa that suggest a homogenization of subarctic and Arctic shelf habitats, food webs, and

ecosystems.
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