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A B ST R ACT  
Pacific Arctic ecosystems are changing due to ocean warming and sea ice loss. Increases in primary production and shifts towards smaller phy-
toplankton and zooplankton have been recently documented, yet understanding interactions among plankton components and their responses 
to changing oceanographic conditions are still needed. Herein, we assess plankton responses to unprecedented warm water temperatures and 
low sea ice conditions during springs and summers of 2017–2019 in the Northern Bering and C hukchi seas. Record low sea ice in winter
2017–2018 was followed by high biomass of large phytoplankton (>5 μm) but low abundances of large mesozooplankton (>500 μm) species 
in spring of 2018, potentially due to a temporal mismatch between zooplankton and phytoplankton. The widespread distribution of warm 
Coastal Water in the Chukchi Sea during summer of 2019 resulted in increased biomass of small-sized phytoplankton and a mesozooplankton 
community characterized by small copepod species and neritic copepods. Planktonic food webs changed seasonally, with phytoplankton and 
mesozooplankton directly linked in spring but mediated by microzooplankton in summer. Shifts towards smaller plankton with warming will 
increase the number o f trophic levels and reduce trophic transfer efficiencies with potential impacts on fish and shellfish resources and benthic-
pelagic coupling in these ecosystems.

K E Y W O R D S:  Chukchi Sea; Northern Bering sea; phytoplankton; zooplankton; planktonic food web 

INTRODUCTION 
Arctic and subarctic regions, including the Northern Bering and 
Chukchi seas, are undergoing rapid changes as a result of ocean
warming (Stroeve and Notz, 2018; Danielson et al. , 2020; Tim-
mermans and Labe, 2020). Increasing ocean temperatures over 
the last century are coupled with drastic reductions in sea ice 
extent, thickness, and duration (Markus et al., 2009; Serreze et al., 
2016; Kwok, 2018; Wu and Wang, 2018) that affect underwater 
light fields, nutrient availability in the water column an d bloom
dynamics (Mundy et al. , 2005; Arrigo et al. , 2014; Hill et al. ,
2018). From 2014 to 2021 unprecedented high water temper-
atures and low winter and spring sea ice cover (Stabeno et al. ,
2019; Danielson et al., 2020; Ballinger and Overland, 2022) were  
recorded in the Northern Bering and Chukchi seas, with 2017– 
2021 being documented as a period of rema rkable ecosystem
change (Huntington et al., 2020; Siddon et al., 2020; Baker et al., 
2020b; Ballinger and Overland, 2022). 

Changes in oceanographic conditions have a direct and rapid 
impact on planktonic communities in the Pacific Arctic (Questel 
et al., 2013). Warming and sea ice loss have been associated with 
changes in the magnitude of annual primary production (Lewis 
et al. , 2020; Kwon et al. , 2022), changes in the timing of the 
spring bloom (Hirawake et al. , 2021; Song et al. , 2021), north-
ward expansion of boreal species distributions (i.e. borealization) 
(Mueter et al. , 2021; Axler et al. , 2023), and shifts in phyto-
plankton and zooplankton size and species composition (Li et al., 
2009; Ershova et al. , 2015b). Warming and changes in nutrient 
availability and form can shift size spectra to smaller phytoplank-
ton and zooplankton through decreased individual sizes and/or 
replacement of large species by smaller species (Daufresne et al., 
2009; Gardner et al. , 2011; Mueter et al. , 2021). Smaller phy-
toplankton species have been associated with warmer tempera-
tures in the Canadian Basin (Li et al. , 2009), the broader North 
Atlantic (Morán et al., 2010), Chukchi Sea (Fujiwara et al., 2014;
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Fujiwara and Cohen, 2015) and in experiments using Arct ic
species (Coello-Camba et al. , 2015). Similar shifts from large-
bodied, ice-associated, and typically lipid-rich zooplankton to 
smaller and often less nutritious zooplankton species have been 
observed in the Northern Bering and Chukchi seas (Ershova 
et al. , 2015b; Kimmel et al. , 2023)  and  other  Arctic  r  egions
(Aarflot et al., 2018; Møller and Nielsen, 2019). 

Shifts in species and size composition of planktonic commu-
nities affect trophic interactions, energy pathways, and benthic-
pelagic coupling, potentially altering the entire structure of Arc-
tic marine ecosystems and the services they provide to human
communities (Mueter et al. , 2021). Changes in planktonic 
species composition affect the quality of food available for upper 
trophic levels (Heintz et al. , 2013) as nutritional composition 
and edibility vary among species even within t he same size
class (Galloway and Winder, 2015; Jónasdóttir, 2019). Shifts 
towards smaller phytoplankton and zooplankton increases the 
number of trophic levels and reduces trophic transfer efficiency 
in marine ecosystems, which results in less energy available for 
upper-tr ophic-level species including fish, seabirds and marine
mammals (Barnes et al. , 2010; Carozza et al. , 2019; Mueter 
et al. , 2021). A potential shift to smaller primary producers also 
highlights the increasing role that microzooplankton, primarily 
ciliates and dinoflagellates, may play in mediating carbon transfer 
to mesozooplankton (Campbell et al. , 2009; Stoecker et al. ,
2017). The complex array of feeding behaviors associated 
with these grazer populations presents unique challenges in 
constraining carbon transfer at the inter, a nd intraprotistan level
(Caron et al. , 2012; García-Oliva et al. , 2022). For instance, 
while some dinoflagellates may feed on microplankto n of
similar size (Hansen et al. , 1994, 1997), others may also be 
significant grazers on nano- and pico-sized prey (Fulfer and 
Menden-Deuer, 2021; García-Oliva et al. , 2022). These shifts 
in planktonic food webs are also expected to reduce the amount 
of ungrazed phytoplankton that reaches the seafloor, leading to 
major reductions in benthic biomass and weakening benthic-
pelagic coupling characteristic of this region (Grebmeier, 2012; 
Lovvorn et al., 2016; Waga et al., 2019). 

In this study, we examine how different oceanographic condi-
tions during a period of extreme warming impacted the plankton 
community across multiple trophic levels in the Northern Bering 
and Chukchi seas. Specifically, we looked at shifts in phyto-
plankton, microzooplankton, and mesozooplankton spatial dis-
tributions, taxonomic composition, and size structure in associ-
ation with oceanographic conditions using data from four Arctic 
Integrated Ecosystem Research Program (Arctic IERP) surveys 
conducted in springs of 2017 and 2018 and summers of 2017 and 
2019. We also looked at the causal relationships among plankton 
components using structural equation models (SEM) to under-
stand how seasonal and interannual variations in oceanographic 
conditions may affect trophic interactions and food web trophic 
efficiency. We hypothesized that warm conditions would favor 
smaller phytoplankton and zooplankton species affecting the 
structure of the planktonic food web (i.e. changes in the strength 
and sign of correlations). Our comprehensive study of planktonic 
responses during these recent extreme warm conditions provides 
insight into how plankton and A rctic marine ecosystems may
respond to continued increase in mean water temperatures.

METHODS 
Study area 

The Northern Bering and Chukchi seas consist of extensive, 
shallow (average < 70 m), and biologically productive con-
tinental shelves greatly influenced by seasonal sea ice cover 
and northward-flowing Pacific water masses (Walsh, 1989; 
Springer et al. , 1996). For much of the year (October–May), 
the  region  remains  ice  covered  with  a  cold  w  ell-mixed water
column (Hunt et al. , 2013). When sea ice starts to melt after 
May, a stratified, warmer, nutrient-rich water column s upports
large phytoplankton blooms (Arrigo et al. , 2012)  that  in  some  
regions can continue into the summer until nutrient ex haustion
(Hill et al., 2018). These large phytoplankton blooms combined 
with relatively low pelagic grazing and shallow bathymetry result 
in a large amount of pelagic production being exported to the 
bottom supporting large benthic biomass (Grebmeier et al. ,
2015) and aggregations of benthic-feeding marine mammals 
in the area (Jay et al. , 2012). In autumn, the intensification of 
winds and diminishing solar input allows the water column to 
re-homogenize and surface waters are replenished with nutrients 
that support open water phytoplankton b looms until sunlight
fades (Waga and Hirawake, 2020). 

The region is dominated by northward currents that transport 
heat, salt, nutrients, and plankton from the North Pacific into the 
Arct ic (Hunt et al., 2016) through the Bering Strait (Fig. 1). This 
transport is driven by a seasonally fluctuating Pacific–Arctic pres-
sure head (Stigebrandt, 1984; Aagaard et al., 2006) that transmits  
1.0–1.2 Sv of water during summer and 0.5–0.6 Sv of water 
during winter months (Woodgate et al. , 2005). Water flowing 
through the Bering Strait is routed across the Chukchi shelf 
along three main pathways: Herald Canyon in the west, Bar-
row Canyon in the e ast and the Central Channel across the
mid-shelf (Fig. 1), other factors, primarily wind, can episodically 
modify or even reverse these flows (Weingartner et al. , 2005; 
Woodgate et al. , 2005; Danielson et al. , 2014). A strong density 
front typically separates the Alaskan Coastal Water from offshore 
Bering Shelf and Anadyr Waters, and from colder Arctic-ori gin
waters farther north (Gawarkiewicz et al. , 1994; Weingartner 
et al., 2005). 

Data collection and processing 
Four surveys were conducted in the Northern Bering and 
Chukchi Sea region as part of the Arctic IERP (Baker et al. ,
2020a; Baker et al. , 2023) during spring of 2017 and 2018, and 
late summer/early autumn of 2017 and 2019. Spring Arctic 
Shelf Growth, Advection, Respiration, and Deposition Rate 
Experiments (ASGARD) surveys were conducted on 9–28 June 
in 2017 and on 4–25 June in 2018 on the RV Sikuliaq covering 
the Northern Bering and Southern Chukchi seas. Summer Arctic 
Integrated Ecosystem Surveys (IES) were conducted during 1 
August–28 Septembe r in 2017 and 1 August–3 October in 2019
on the RV Ocean Starr in the Eastern Chukchi Sea (see Fig. 2 for 
sampling locations for each cruise). Data used in our analyses are 
publicly available in the DataONE repository (https://arctic-ie 
rp.dataportal.nprb.org/). 

Vertical profiles of temperature and salinity were collected 
at each station using a Sea-Bird Electronics (SBE) 911+ CTD
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Fig. 1. Study region map with main flow pathways. A thick green dashed arrow represents the Beaufort Gyre, a black arrow along the US coast 
represent the Alaskan Coastal Current, a brown arrow along the Siberian coast represents the Siberian Coastal Current, and mid-positioned 
purple arrows represent pathways of the Bering shelf, Anadyr, and Chukchi shelf currents. Contour lines indicate 30 m, 50 m, and 100 m 
isobaths. Modified from (Danielson et al., 2020). 
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Fig. 2. Interpolated values of sea water temperature (a–d) and salinity (e–h) averaged for top 50 m of the water column, and integrated surface 
(i.e. above mixed layer depth) nitrate concentration (i–l) observed during the four Arctic IERP surveys conducted in springs of 2017 and 2018 
(ASGARD) and summers of 2017 and 2019 (IES) in the Northern Bering Sea and Chukchi Sea. Black points indicate sampled stat ions.
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averaged into 1 m bins. The depth of the pycnocline (mixed 
layer depth), defined as the first depth at which density was
0.10 kg m−3 greater than the density at a depth of 5 m (Danielson 
et al. , 2011), and a stratification index (SI) that indicates the 
density difference between the top and bottom 5 m of the water 
column, were calculated using the R package castr version 0.1.0
(Irisson, 2024). Temperature and salinity were averaged for the 
full water column (or top 50 m), and above and below the mixed 
layer depth. Water masses were assigned to each 1 m depth layer 
based on temperature and salinity char acteristics following the
Danielson et a l. (2020) classification. The most frequent water 
mass, above and below the mixed layer depth, was selected as the 
predominant surface and bottom water mass a t each station.

Water samples were collected from 5 L (IES 2017), 10 L 
(IES 2019) or 12 L (ASGARD, 2017–2018) Niskin bottles 
attached to a CTD rosette. At every sampling stat ion, total
and size-fractioned (<5, 5–20, > 20 μm  or  <5  and >5 μm, 
depending on survey/station) chlorophyll a (Chla; mg m−3) 
samples were collected. Total Chla samples were commonly 
collected at 10 m intervals (∼5–6 depths) and filtered through 
25 mm Whatman GF/F filters (nominal pore size 0.7 μm). 
Size-fractionated samples were collected at 2–3 depths using 
a stacked filtration unit, using 47 mm Whatman GF/F filters (or 
25 mm GF/F when sampling two size fractions) for < 5 μm, and 
47 mm polycarbonate filters with a pore size of 5 and 20 μm, to 
sample the 5–20 and > 20 μm size fractions. Filters were stored  
frozen (−80◦C) and analyzed within 6 months with a calibrated 
bench top Turner Designs Trilogy fluorometer using standard 
extraction methods (Parsons, 1984). 

Samples for dissolved inorganic nutrients (nitrate, nitrite, 
ammonium, phosphate and silicic acid; μmol k g−1)  were  
collected from each sample depth, filtered through 0.45 μm 
cellulose acetate filters, and frozen. Samples were analyzed on 
a Seal AA3 or Seal AA500 continuous segmented flo w analyzer
following methods in (Gordon et al. , 1993). Ammonium was 
analyzed using the fluorescent o-phthalaldehyde (OPA) method
(Holmes et al. , 1999). To increase vertical resolution of Chla 
measurements, in vivo fluorescence data profiles were calibrated 
with discrete Chla samples by fluorometer and year. Calibrated 
Chla profiles were obtained by regressing discrete Chla samples 
against fluorometer measurements at the same depths. Depth 
profiles of size-fractionated Chla were estimated by linearly 
interpolating the proportion of each Chla size fraction from
discrete samples (>5 μm/total Chla,  5–20 μm/total Chla, 
> 20 μm/total Chla) and multiplying the total integrated 
Chla from calibrated in vivo fluorometer data by each size 
fraction proportion. We calculated Chla in the > 5 μm  size  
fraction by combining Chla in the 5–20 μm  and >20 μm  size  
fractio ns.

For the characterization of microplankton assemblages, 
seawater was collected at the surface (0–10 m), at the deep/ 
subsurface Chla maximum (DCM), and at an additional depth 
between the DCM and the bottom. In the absence of a DCM 
feature, a second depth was sampled mid-way between surface 
depth and the bottom. Samples for characterizing microplank-
ton assemblages via microscopy (100 ml) were immediately 
preserved with Acid Lugol’s solution (5% final concentration ).
Microplankton enumeration and identification were completed

by inverted light microscopy (200x) using standard settling
techniques (Utermöhl, 1958). Microplankton were assigned to 
three taxonomic groups (ciliates, dinoflagellates and diatoms) 
based on morphological examination (Tomas, 1997; Boltovskoy, 
1999). Microplankton genera were also categorized based on 
their functional modes as phototrophs (diatoms), heterotrophs 
(tintinnids and specific dinoflag ellate genera), and mixotrophs
(Mitra et al. , 2023). Cell biovolume (BV) was calculated 
from geometric shapes (i.e. cylindrical, spherical, ellipsoidal, 
conical) of at least nine individual organisms, typically three 
representatives for each of the three most common genera within 
each major protist group. Average BVs were converted into 
carbon (C ) biomass by applying published conversion factors for
ciliates with 0.19 pg C μm−3, and for diatoms and dinoflagellates 
with pg C μm−3 = 0.288 BV0.811 and pg C μm−3 = 0.76 BV0.819, 
respectively (Menden-Deuer and Lessard, 2000). Nutrient 
concentration, total and size-fractionated Chla concentrations, 
and microplankton biomass were integrated throughout the 
entire water column for stations < 5  0 m depth, or the top 50 m
for station depths >50 m.

Zooplankton were collected using vertical hauls of twin-rin g
nets (60 cm mouth, 150 μm mesh) and oblique bongo tows 
(60 cm frame, 505 μm mesh) in ASGARD surveys or oblique 
tows of paired bongo nets (20 cm frame, 153 μm  mesh  and  
60 cm frame, 505 μm  mes  h, Napp et al. , 1996; Incze et al. ,
1997) in IES surveys. A comparison of zooplankton abundance  
estimates from the two smaller mesh-size gears (oblique and 
vertical) deployed at the same locations during two surveys in the 
Chukchi Sea showed that the data from these two gears a re com-
parable (see Kimmel et al. , 2023 supplemental material). The 
tows were within 5–10 m of the bottom depending on sea state, 
and depth was monitored continuously using a SeaBird FastCAT 
49 CTD. Volume filtered was estimated using a General Oceanics 
flowmeter mounted inside the mouth of each net. Samples were  
preserved in 5% buffered formalin/seawater. Zooplankton were 
identified to the lowest taxonomic level and stage possible either 
at the University of Alaska Fairbanks (ASGARD) or at the Plank-
ton Sorting and Identification Center in Szczecin, Poland, and 
verified at the Alaska Fisheries Science Center, Seattle, Washing-
ton, USA (IES). Only taxa c ontributing > 1% to total abundance
(Table I) were included in statistical analyses. Abundance of 
mesozooplankton (ind. m−3)  was  converted  to  biomass (mg C
m−3) using literature values (Supplementary Material 1)  for  its  
use in the SEM analysi s section.

Statistical analysis 
Interannual differences in oceanographic conditions and 

plankton componen ts
We used Student’s t-test statistic and Kruskal–Wallis test 
(P < 0.05) for detection of significant interannual differences in 
mean oceanographic and biological variab les within each season
(Table II). Water column temperature and salinity, and surface 
nutrient concentration values were linearly interpolated for the 
spatial domain of each cruise using the R package akima version
0.6 (Akima and Gebhardt, 2022). Interannual and seasonal 
variations in spatial patterns of mesozooplankton communities 
were assessed using Hierarchical Cluster Analysis (HCA) based 
on the Bray–Curtis similarity matrix. We applied a fourth-root
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Table I: List of taxonomic groups included in statistical analyses, gear (mesh size in μ m), abbreviation, and zooplankton stage or size limit. 

Taxa Gear Abbreviation Stage 

Acartia spp.∗ 150 AC C1–C6 
Bivalvia 150 BI Larvae 
Centropages spp. 150 CP C1–C6 
Cirripedia 150 CI Nauplius/Cypris 
Echinodermata small 150 ECS Larvae 
Fritillaria spp. 150 FR <20 mm 
Oikopleura spp. small 150 OK.S <20 mm 
Oithona spp.∗ 150 OI C1–C6 
Polychaeta small 150 PS Larvae 
Pseudocalanus spp.∗ 150 PC C1–C6 
Calanus glacialis∗∗ 150/505 CG C1–C6 
Epilabidocera longipedata 150/505 EL C1–C6 
Eucalanus bungii∗∗ 150/505 EB C1–C6 
Euphausiacea 150/505 EU Calyptopis, Furcilia, Juvenile, Adult 
Metridia spp. 150/505 ME C1–C6 
Neocalanus spp.∗∗ 150/505 NE C1–C6 
Tortanus discaudatus 150/505 TD C1–C6 
Aglantha digitale 505 AD Medusa 
Brachyura 505 BR Larvae 
Calanus hyperboreus∗∗ 505 CAH C3–C6 
Chaetognatha 505 CH <20 mm 
Echinodermata large 505 ECL Larvae 
Limacina helicina 505 LH <20 mm 
Oikopleura spp. large 505 OK.L <20 mm 
Paguridae 505 PA <20 mm 
Polychaeta large 505 PL Larvae 
Thysanoessa spp. 505 TH <20 mm 

Mesh size labeled as 150 corresponds to mesh sizes of 150 μm or 153 μm. Asterisks indicate copepod species included in structural equation models: ∗ indicates small copepods 
and ∗∗ indicates large copepods . 

transformation to the zooplankton abundance data to reduce the 
effect  of  rare  species,  and  calculated  the  Bray–Curti  s similarity
index (Bray and Curtis, 1957) using the R package vegan version 
2.6.4 (Oksanen et al. , 2022). The HCA was implemented 
using the R package cluster version 2.1.4 (Oksanen et al. ,
2022). We performed an indicator species analysis (Dufrêne 
and Legendre, 1997) using the R package indicspecies ver sion
1.7.12 (De Cáceres and Legendre, 2009) to examine which taxa  
were indicative of each group from the HCA. The indicator 
species analysis produces an indicator species value (IndVal) 
that ranges from 0 to 1. Taxa that are selected as indicators of 
a  group  are  those  with  IndVal  closest  to  1  where  an  IndVal of 1 
indicates taxa are found within their group only. Permutation 
tests (n = 999) were carried out to determine the significance
of taxa as indicators at α = 0.05 (i.e. significant indicators were
those identified in 95% of permutation replicates).

Environmental drivers of mesozooplankton 
community compositi on

We used redundancy analyses (RDAs, Bocard et al. , 2011)  to  
examine relationships between the mesozooplankton commu-
nity and environmental variables u sing the vegan R package
(Oksanen et al., 2022). We conducted an RDA using data from all 
cruises combined and from spring and summer cruises separately 
to assess differences in zooplankton abundance and environmen-
tal associations between and within seasons. Before RDA, we 
used Spearman correlation to remove environmental variables 
that were highly correlated with others (P > 0.5) to prevent 

overestimation of the explained variation. Latitude, longitude, 
bottom depth, mixed layer depth, sea surface t emperature and
salinity, water-column integrated Chla concentrations in the
> 5 μm and  < 5 μm size fractions, and water-column integrated 
ciliate and dinoflagellate biomass were all included in RDAs as 
environmental predictors. Environmental variables were natural 
log-transformed and all variables were standardized into 0–1 
ranges prior to analysis. A stepwise model selection approach, 
adding/removing variables at each step until no change was 
identified, was performed to identify significant explanatory 
variables (number of permutations = 10 000) for each R DA.
We used the variation inflation factor to test for any remaining
collinearity in each model.

Effects of temperature on plankton components and  
their associatio ns

SEM were used to quantify hypothesized causal relationships 
among planktonic components and sea temperature and 
compare these relationships across seasons and years. SEM 
are probabilistic models that connect multiple predictor and 
response variables in a single causal network, thereby allowing 
simultaneous tests of multiple hypotheses and quantification of
both direct and indirect or cascading effects (Grace and Keeley, 
2006; Grace et al., 2010; Lefcheck, 2016). SEM are often repre-
sented using path diagrams where arrows indicate hypothesized 
directional relationships between observed variables that are 
then captured in a set of structured equations. The strength of the 
relationships between variables is given as unstandardized and
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Table II: Mean, standard deviation (SD), and median of studied variables during Arctic IERP spring (ASGARD) and summer (IES) surveys including 
mean water column, surface, and bottom temperature and salinity, integrated surface nutrient concentrations, water column integrated total and size 
fractionated chlorophyll a (Chla) concentrations, water column integrated ciliates, dinoflagellates and total microzooplankton biomass, and mean 
abundances of large and small copepod species (see Table I). 

Spring 2017 
(n = 53) 

Spring 2018 
(n = 32) 

Summer 2017 
(n = 67) 

Summer 2019 
(n = 58) 

Variable Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD Median 

Temperature (◦C) 3.62 ± 1.48∗ 3.40 2.93 ± 1.28∗ 2.69 4.75 ± 1.61∗ 4.87 5.89 ± 2.85∗ 5.26 
Surface temperature (◦C) 5.08 ± 2.23 4.77 4.29 ± 1.64 3.81 5.43 ± 1.10∗ 5.60 7.98 ± 1.95∗ 8.54 
Bottom temperature (◦C) 2.83 ± 1.58∗ 2.76 1.89 ± 1.35∗ 1.81 3.48 ± 1.62∗ 3.46 4.82 ± 3.47∗ 3.95 
Salinity 32.00 ± 0.94 32.2 31.90 ± 0.75 32.00 31.5 ± 0.77∗ 31.60 31.10 ± 0.86∗ 31.20 
Surface salinity 31.60 ± 1.24 32.0 31.3 ± 1.02 31.4 31.0 ± 1.36∗ 31.4 29.9 ± 1.19∗ 29.9 
Bottom salinity 32.1 ± 0.86 32.3 32.2 ± 0.67 32.3 32.1 ± 0.45∗ 32.2 31.6 ± 0.82∗ 31.8 
Nitrate (mmol m−2) 155 ± 275 2.46 48.3 ± 104 9.55 10.5 ± 34.5∗ 0.00 2.04 ± 7.54∗ 0.00 
Nitrite (mmol m−2) 2.15 ± 3.45 0.22 0.96 ± 1.57 0.37 0.56 ± 1.13∗ 0.18 0.27 ± 0.56∗ 0.05 
Ammonium (mmol m−2) 28.2 ± 46.3 6.71 11.4 ± 13.7 6.78 11.7 ± 27.2∗ 2.75 5.03 ± 10.2∗ 0.49 
Phosphate (mmol m−2) 20.7 ± 26.0 6.53 16.1 ± 13.1 10.50 12.0 ± 7.88∗ 11.5 7.33 ± 4.40∗ 5.94 
Silicate (mmol m−2) 271 ± 445 41.0 102 ± 150 57.2 83.9 ± 120∗ 38.6 68.1 ± 59.4∗ 45.6 
Total Chla (mg m−2) 96.2 ± 113 65.5 128 ± 105 102.0 53.6 ± 26.3 50.2 52.9 ± 21.7 47.8 
Chla < 5 μm (mg m−2) 23.7 ± 19.5∗ 17.6 10.4 ± 5.38∗ 9.3 14.2 ± 9.34∗ 12.2 22.8 ± 15.7∗ 19.6 
Chla > 5 μm (mg m−2) 97.4 ± 154 44.1 125 ± 109 104.0 41.6 ± 23.0∗ 37.2 29.6 ± 17.2∗ 26.8 
Diatoms (mg C m−2) 327.0 ± 1017∗ 23.7 608.0 ± 1295∗ 210 321.0 ± 668 74.2 100.0 ± 92.7 55.4 
Total microzooplankton 
(mg C m−2) 

644.0 ± 1103∗ 186.0 591 ± 553∗ 375 999.0 ± 808∗ 731 496.0 ± 385∗ 451 

Ciliates (mg Cm−2) 423.0 ± 731 146.0 164.0 ± 101 158.0 417.0 ± 350∗ 281 183 ± 236.0∗ 47.3 
Dinoflagellates (mg C m−2) 221.0 ± 397∗ 66.9 427.0 ± 509∗ 223.0 582 ± 601 283 313 ± 226 284 
Large copepods (ind. m−3) 204.0 ± 324∗ 155.0 30.1 ± 24.8∗ 21.0 20.7 ± 63.2 0.49 8.40 ± 13.3 3.11 
Small copepods (ind. m−3) 5 626 ± 7 069 3 717 5 079 ± 3 804 4 318 3 644 ± 4708∗ 1 457 6 119 ± 4957∗ 4 409 

∗ Indicates significant differences in variables mean values between years within a season. 

standardized (in units of standard deviations) regression 
coefficients. Unstandardized regression coefficients are used to 
compare the strength of the same relationships across models 
(i.e. across model comparison) and standardized regression 
coefficients are used to compare the relative strength of the 
different relationships within a model (i.e. within model com-
parisons). The variables included in the model were mean water
temperature, integrated Chla concentrations in the < 5 μm size  
fraction and in the > 5 μm size fraction (includes Chla from 
large phytoplankton cells and mixotrophic microzooplankton), 
heterotrophic microzooplankton biomass, and small and large 
copepod biomass. “S mall copepods” included copepod species
caught in the 150 μm  net  as  adults  (i.e.  early  stages  of  large  
copepods were not included in this group): Acartia spp., 
Pseudocalanus spp., and Oithona spp. “Large copepods” included 
stages CIII-Adult of Calanus hyperboreus,  and  stages  CIV-Adult  
of the species Calanus glacialis, Eucalanus bungii, and Neocalanus
spp. (Table I). The variables included in the model were selected 
in a way that maximizes the number of distinct trophic levels 
and size classes while maintaining a good model fit. We chose 
biomass over abundance to better represent the trophic structure 
of the c ommunity. The overall goodness of fit for SEM was
assessed via a χ2-test, and the standardized root mean square 
residual (SRMR). A good model fit is indicated by a non-
significant χ2-test (i.e. P-value > 0.05) and low (< 0.08) SRMR. 
SEM were conducted using the R package lavaan version 0.6.12
(Rosseel, 2012). 

All statistical analyses were performed using R version 4.2.2. 

RESULTS 
Oceanographic conditions 

During the warm period of 2017–2019, we observed interannual 
variability in oceanographic conditions (Figs 2 and 3, Table II). 
In spring, water column and bottom temperatures in the North-
ern Bering and southern Chukchi seas were higher in 2017 com-
pared to 2018 (Fig. 2a and b, Table II). In 2018, bottom water 
masses in the region were predominantly composed of nutrient-
rich Anadyr (AnW) and cool Shelf Water (cSW) whereas in 
2017, warm Shelf Water (wSW) occupied a lar ger portion of the
region (Fig. 3b). In spring, surface (i.e. above mixed layer depth)  
nutrient concentrations (nitrate, nitrite, ammonium, silicate and 
phosphate) were consistently high (> 1 mmol m−2) throughout 
most of the region (see Fig. 2i and j for nitrate a nd Fig. S 1 of 
Supplementary Material 2 for the other nutrients). 

In summer of 2019, the Chukchi Sea was warmer (Fig. 2c 
and d) and less saline (Fig. 2g and h) compared to 2017
(Table II). These differences were more accentuated in sur-
face waters, where mean temperature and salinity differences 
exceeded 2◦C and 1, respectively, between 2017 and 2019
(Table II). In summer of 2019, the Chukchi Sea shelf was 
mainly occupied by warm Coastal Water (wCW) with wSW, 
the predominant water mass in 2017, restricted to areas farther
from shore (Fig. 3). Summer surface nitrate concentrations 
in the Chukchi Sea were higher in 2017 compared to 2019
(Table II). The prevalence of less saline surface waters in 2019, 
particularly in nearshore areas of the Chukchi Sea, resulted
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Fig. 3. Predominant surface (a) and bottom (b) water masses in springs of 2017 and 2018 (ASGARD) and summers of 2017 and 2019 (IES). 
AnW, Anadyr Water; cSW, cool Shelf Water; IMW, Ice Melt Water; cCW, cool Coastal Water; wCW, warm Coastal Water; wSW, warm Shelf 
Water; AtlW, Atlantic Water; BBW, Bering Basin Wate r. 

in shallow mixed layer depths and strong stra tification (Fig. 
S2 of Supplementary Material 2) that were associated with 
low nitrate concentrations (<1 mmol m−2)  in  the  surface  
mixed layer throughout most of the Chukchi Sea shelf (Fig. 2k 
and l). 

Phytoplankton and microzooplankton distributions 
Seasonal and interannual variability in oceanographic conditions 
was associated with variations in phytoplankton and micro-
zooplankton biomass and distribution (Fig. 4). Water column 
integrated total Chla was, averaged over all stations, significantly 
higher in spring (P < 0.05; median = 73.8 mg m−2, interquar-
tile range (IQR) = 35.2–139.0 mg m−2) than in summer 
(median = 47.8 mg m−2, IQR = 37.9–65.6 m g m−2), although 
high variability existed among stations and surveys (Table II, 
Fig. 4a–d). In spring, when nutrient concentrations were highest 
and large phytoplankton is typically dominant, we observed 
a significantly lower predominance of Chla in the < 5 μm 
size fraction (mean contribution = 23%) compared to summer 
(mean contribution = 37%) (P-value < 0.05, Fig. 4e–h). Total 
microzooplankton biomass was significantly higher (P-value 
< 0.05) in summer (median = 503 mg C m−2) than spring 
(median = 335 mg C m−2). 

In spring of 2018, the spring with earlier sea ice retreat and 
relatively cooler water temperatures, we observed almost two 
times higher diatom biomass compared to spring of 2017 (Fig. 4a 
and b, Table II). Total integrated microzooplankton biomass was  
lower in spring of 2018 compared to 2017 with dinoflagellates 
being the predominant group in 2018 and ciliates in 2017
(Table II). 

In  summer,  averages  of  integrated  total  Chla were similar in
2017 and 2019 (Table II). However, warmer summer conditions 
in 2019 were characterized by a greater predominance of Chla in 
the < 5 μm  size  fraction  (mean2017 = 28%; mean2019 = 44%), 
mainly in areas with wCW (Figs 3 and 4g and h). Ciliate 
biomass was lower in 2019 compared to 2017 (Table II), 
particularly in areas with wCW, resulting in a lower total 
microzooplankton biomass in 2019 (median2017 = 731 mg C
m−2, median2019 = 451 mg C m−2) (Fig. 4i–l). 

Mesozooplankton 
The abundances of small and large copepods (see Table I) were  
significantly (P-value < 0.05) higher in spring (mediansmall =
4 138 ind. m−3,  medianlarge = 76.2 ind. m−3) than summer 
(mediansmall = 3 354 ind. m−3, medianlarge = 1.55 ind.  m−3). In 
spring of 2018, the year with earlier sea ice retreat, we observed 
lower abundances of large copepods on aver age compared to
spring of 2017 (Table II). In summer, the mean abundance of 
small copepods was two times higher in 2019, the warmest year, 
compared to that of 2017 (Table II). Zooplankton taxonomic 
composition for each survey can be found in F ig. S3 and Table
S1 of Supplementary Material 2. 

Based on cluster analysis of zooplankton community com-
position (taxa shown in Table I), four groups of stations were 
identified and the distribution of these groups varied across su r-
veys (Fig. 5, and Fig. S4 and Table S2 of Supplementary Mate-
rial 2). Group 1 (76 stations) was represented by samples col-
lected in the spring in the Northern Bering Sea and southern 
portion of the Chukchi Sea (Fig. 5)  and  was  particularly  char-
acterized by the occurrence of Neocalanus spp. (IndVal = 0.93)
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Fig. 4. Integrated water column total Chla (a–d), proportion of integrated < 5 μm Chla size fraction (<5 μm Chla/total Chla) (e–h), and 
integrated total microzooplankton (ciliates + dinoflagellates) biomass (i–l) observed during the four Arctic IERP surveys conducted in spring 
of 2017 and 2018 (ASGARD) and summers of 2017 and 2019 (IES) in the Northern Bering Sea and Chukchi Se a.
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copepods of Pacific origin. Group 2 (67 stations) distribution 
was centered in the northern Chukchi Sea in summer and was 
defined by the combined occurrence of the large, cold water 
copepods C. glacialis and C. hyperboreus (IndVal = 0.52). Group 
3 (42 stations) showed a nearshore distribution both in spring 
and summer and was characterized by the occurrence of the 
neritic copepods Epilabidocera longipedata and Tortanus discau-
datus (IndVal = 0.82). In 2017, this group was mainly restricted 
to nearshore waters of the southern portion of the Chukchi Sea.  
In contrast, in 2019 this cluste r occupied a broader area of the
Chukchi Sea shelf, reaching higher latitudes and offshore waters
following the distribution of warm Coastal Water (Figs 3 and 
5). Group 4 (25 stations) was located in the central portion of 
the Chukchi Sea in summer and was characterized by the occur-
rence of small echinoderms (IndVal = 0.77). Group 4 distribu-
tion was wider in summer of 2017 when warm Coastal Water was 
restricted to nearshore locations and warm Shelf Water wa s the
predominant water mass over the shelf (Figs 3 and 5c and 5d). 
Notably, in areas where spring and summer sampling overlapped 
(between the Bering Strait and Cape Lisburne for 2017), stations 
clustered differently by season with all spring sampling locations 
classified as group 1 while groups 2 to 4 were present in summer. 
This reinforces the idea that seasonal changes in environmental 
conditions, rather than spatial location alone, driv e zooplankton
community structure.

Environmental drivers of mesozooplankton distribution 
The combined RDA, including all cruise data, showed distinct 
seasonal/regional associations between environmental variables 
and zooplankton taxa abundances (Fig. 6a–c). The best model 
fit (adjusted r2 = 0.37) identified by stepwise selection included 
location, sea surface temperature, bottom depth, surface salinity, 
Chla <5 μm, ciliate biomass, and mixed layer depth as the 
variables correlated with zooplankton community co mposition
(see Table S3 in Supplementary Material 2). Zooplankton 
composition varied seasonally (Fig. 6a–c). Spring samples were 
characterized by high abundances of copepods C. glacialis, 
Metridia spp., Neocalanus spp., Pseudocalanus spp., and of 
other zooplankton including Paguridae decapods, euphausiids, 
polychaetes and the mollusk Limacina helicina (Fig. 6b and c). 
These taxa were positively associated with salinity and negatively 
associated with water temperatur e (Fig. 6a–c). Summer samples 
were characterized by high abundances of the neritic copepods 
T. discaudatus and E. longipedata, the small copepods Oithona 
spp. and Acartia spp., bivalve larvae, and the t  unicates Oikopleura
spp. (Fig. 6b and c). These taxa were positively associated 
with sea surface temperature and the < 5 μm  Chla size 
fraction and negatively correlated with surface salinity (Fig. 6b 
and c). Some species abundant in summer samples such as C. 
hyperboreus, small echinoderm larvae, and the appendicularia 
Fritillaria spp. were less associated with seasonal differences in 
measured environmental conditions. Instead, their occurrences 
were more directly linked to the geographic location of the
collected samples (Fig. 6a–c). In particular, C. hyperboreus is 
an Arctic species found mainly at the northern end of the 
sampling area and thus does not experience the full range 
of environmental conditions across the study region. This 
limited distribution likely explains its stronger association with 

geography rather than with environmental variables. The strong 
separation between spring and summer samples in both 
zooplankton groups and environmental variables suggest that 
while s patial variations may interact with seasonal differences,
seasonality is likely the dominant structuring factor.

RDAs focused on within season variations in zooplankton 
composition showed interannual differences in zooplankton 
community and associated environmental variables (Fig. 6d–i). 
Spring best fit model (adjusted r2 = 0.21) included surface 
salinity,  longitude, and Chla < 5 μm  (Fig. 6d–f and Table 
S3 in Supplementary Material 2). Spring 2018 samples were 
characterized by low concentrations of Chla <5 μm and greater  
abundances of small mesozooplankton including Centropages 
spp., Acartia spp., T. discaudatus, Pseudocalanus spp. and small 
echinoderms and polychaetes (Fig. 6d–f). In summer, the best 
fit model (adjusted r2 = 0.24) included latitude, longitude, sea 
surface temperature, and bottom depth (Fig. 6g–i and Table 
S3 in Supplementary Material 2). Summer 2019 stations were 
associated with increasing sea surface temperatures and higher 
abundances of the neritic copepods T. discaudatus, E. longipedata, 
the small copepod Oithona spp., and bivalves (Fig. 6g–i, Fig. S3, 
and Table S3 of Supplementary Material 2). 

Planktonic associations 
SEM (χ2-test P-value = 0.08, and SRMR = 0.07) showed that 
relationships among plankton components were highly var iable
across surveys (Fig. 7, Table S4 of Supplementary Material 2). 
The effects of mean water column temperature on large 
copepod biomass were negative in both summer surveys and 
not significant in spring. The effect of temperature on small 
copepod biomass was positive in summer of 2017 and 2019, and 
not significant in spring surveys. Overall, we observed a greater 
numbe r of significant links among planktonic communities in
summer than in spring. In spring, Chla >5 μm had a significant 
direct effect on copepod and heterotrophic microzooplankton 
biomass, while no significant effects of microzooplankton on 
copepod biomass were observed (Fig. 7a). However, in summer, 
there  were  no  direct  effects of Chla (<5 μm  or  >5 μm) on 
copepod biomass, instead, Chla effects on copepods were only 
indirect, fully mediated by microzooplankton (Fig. 7b). The 
effect of temperature on Chla >5 μm  was  positive  in  summer  
of 2017 and negative during summer of 2019 when warmer 
and fresher conditions were associated with lower nutrient
concentrations in the region.

DISCUSSION 
Characterization of planktonic communities 

during sprin g
High diatom biomass in spring of 2018 relative to that of 2017, 
was likely associated with differences in the timing of sea ice 
retreat between the 2 years. In the Northern Bering Sea, inter-
annual differences in phytoplankton size composition are asso-
ciated with timing of sea ice retreat and nutrient availability
(Fujiwara et al., 2016). In 2017, the spring phytoplankton bloom 
occurred in early M ay (Nielsen et al. , 2024)  and  was  tightly  
synchronized with sea ice retreat that year (Kikuchi et al., 2020). 
However, in 2018, sea ice retreat occurred earlier (mid-April)
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Fig. 5. Horizontal distribution of the four groups identified from the Bray–Curtis similarity index based on zooplankton abundance data in the 
Northern Bering Sea and Chukchi Sea during springs of 2017 and 2018 (ASGARD) and summers of 2017 and 2019 (IES). Indicator taxa, 
identified using an indicator species analysis, are shown for each gr oup. 

and during a time of strong winds that prevented water column 
stratification. These conditions prevented an ice-edge bloom and 
resulted in a delayed open water spring bloom in late May of
2018 (Kikuchi et al. , 2020; Nielsen et al. , 2024). The timing 
of our surveys could also explain some of the differences in 
large phytoplankton between the two springs, with our 2018 
survey conducted closer to the time of the bloom compared 
to 2017. Our observations of higher phytoplankton biomass in 
2018 r elative to that of 2017 and under extreme low sea ice
conditions are consistent with Park et al. (2021). These authors 
observed relatively high phytoplankton biomass compared to 

a 2003–2020 average for the Northern Bering and Southern 
Chukchi seas in association with the exceptionally early and 
broad open water extent that spring. These observations imply 
that increased open water extent, and consequently, increased 
light availability, promot ed phytoplankton growth, and increased
open ocean primary production that spring.

Low sea ice, early sea ice retreat and delayed spring bloom in 
2018 in the Bering Sea were associated with shifts in zooplankton 
species composition. The community structure of mesozoo-
plankton is affected not only by water mass character istics but
also by the timing of the phytoplankton bloom (Kimura et al.,
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Fig. 6. Redundancy analysis biplots showing environmental variables (a, d, g), copepod species (b, e, h), and other zooplankton taxa (c, f, i) 
including all (a–c), spring (d–f), and summer (g–i) cruises. Each data point represents a station. ST, sea surface temperature (◦C); SS, sea 
surface salinity; BD, bottom depth (m); LON, longitude; LAT, latitude; Cil., water column integrated ciliate biomass (mg C m−2); MLD, 
mixed layer depth (m); Chla <5, water column integrated chlorophyll a <5 μm size fraction (mg m−2). Zooplankton taxa abbreviations are 
found in Table I. 

2020). More specifically, many copepod species including C. 
glacialis have synchronized their seasonal migration, reproduc-
tion, and growth with the primar y production regime in Arctic
shelf seas (Søreide et al. , 2010). Our observations agre e with
Kimura et al. (2022) who observed that in 2018 the zooplankton 
community was dominated by small copepods and younger 
stages of large copepods (C. glacialis and Metridia pacifica), likely 
caused by reproduction delays resulting from the early sea-ice 
retreat and a delayed phytoplankton bloom that year. Early sea 
ice retreat and delayed phytoplankton bloom, in combination 
with relatively lower water temperatures recorded in spring of 
2018 may have contributed to increased developmental times 
and reduced growth, resulting in the relatively low abundances 

of large copepods observed in our study. Relatively higher water 
temperatures recorded during spring of 2017 were associated 
with a greater predominance of ciliates and higher abundances 
of larger copepods (e.g. Neocalanus spp., E. bungii). The predom-
inance of ciliates in spring of 2017 may be associated with earlier 
availability of phy toplankton (earlier phytoplankton bloom
associated with sea ice retreat in 2017) and warmer temperatures
closer to that for ciliates maximum growth [∼5◦C; (Franzè 
and Lavrentyev, 2014)]. Similarly, greater abundances of large 
copepods in spring of 2017 compared to 2018 was likely related 
to higher temperatures driving increases in growth rate and 
egg production, and reductions in development times (Hirst & 
Bunker, 2003) in synchrony with a timely phytoplankton bloom.
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Fig. 7. Structural equation model path diagram for the spring (a) and summer (b) Arctic IERP surveys. The relative strength of associations is 
indicated by the standardized path coefficients. The values inside the box for each variable list the R2 

adj, representing the proportion of 
explained variance for that variable. Coefficients corresponding to 2017 are shown in blue, 2018 in gray, and 2019 in red. Tested, non-significant 
paths are shown in dashed light gray arrows. Water column mean temperature (◦C), integrated concentrations of Chla <5 μm and >5 μm 
(mg m−2), integrated heterotrophic microzooplankton biomass (mg C m−2), and total large and small copepod biomass (mg C m−2) were  
included in the models .

Characterization of planktonic communities 
during s ummer

Summer of 2019 follows a series of years that started in 2014 
with below average sea ice cover and high heat content in the 
Northern Bering and Chukchi seas that has been associated with 
enhanced southerly winds and e levated surface air temperatures
(Danielson et al. , 2020). Unprecedented high temperatures 
and record low sea ice extent combined with a westward 
advection of the Alaskan Coastal Water (Danielson et al. ,
2017) in 2019, caused the occurrence of shallow mixed layer 
depths throughout the Chukchi Sea (Jiao et al. , 2022). These 
conditions were associated with greater proportions of small-
sized phytoplankton, particularly in areas with wCW. These 
areas dominated by small phytoplankton cells were associated 
with unusually high biomass of the small photosynthetic 
picocyanobacteria Synechococcus during summer 2019 (Lomas 
et al. in prep.). These results are consistent wi th reported
trends of increasing proportions of the picophytoplankton size
class with warmer ocean conditions (Morán et al. , 2010)  and  
increasing biomass of Synechococcus during periods of high 
coastal water inflow (Paerl et al. , 2020). Also, the interaction 
between warming and decreased salinities that were observed 
broadly in summer of 2019 is known to reduce the contribution 
of large chain-forming diatoms (Sugie et al. , 2020). Summer 
of 2019 was also characterized by the occurrence of lower 
total microzooplankton biomass as a result of lower ciliates 
biomass. The predominance of small phytoplankton associated 
with warmer conditions would indicate more food available 
for microzooplankton. However, Synechococcus,  an  important  
component of the picophytoplankton in summer 2019 (Lomas 
et al. in prep.), constitutes a poor food source for ciliates 

and other microzooplankton c ompared to picoeukaryotes and
nanophytoplankton and could explain low microzooplankton
growth rates and observed low biomass in the region (Caron 
et al., 1991; Jónasdóttir, 2019; Corradino and Schnetzer, 2022). 

Warmer conditions in 2019 compared to 2017 were asso-
ciated with increasing abundances of small copepods and of 
the neritic copepod species T. discaudatus and E. longipedata. 
Small copepods including Oithona spp., Pseudocalanus spp. and 
Acartia longiremis,  and  the  larger  neritic  copepods  Centropages 
abdominalis, E. lon gipedata, T. discaudatus are typically associ-
ated with Alaskan Coastal Water (Ershova et al., 2015a; Pinchuk 
and Eisner, 2017), which was widespread during summer 2019. 
Kimmel et al. (2023) also reported the increases of these neritic  
species in warm years and attributed it to a westward expan-
sion of Alaskan Coastal Water across both shelves during warm 
periods. The expansion of Coastal Water is linked to warmer 
conditions, as the coastal current transports warm water onto
the shelf (Eisner et al., 2020). In this way, Alaskan Coastal Water 
does not only carry smaller neritic species out over the shelf, 
but it also promotes the spread of smaller plankton species over 
larger ones, as warmer waters favor smaller species through faster 
population turnover, in the absence of food limitations (Kimmel 
et al., 2023). 

To further contextualize these warm-year observations, we 
examined copepod abundance data from two surveys conducted 
in summer 2012 and 2013, which were cha racterized as cold
years (Kimmel et al., 2023), using data from Pinchuk and Eisner 
(2017). Our comparison indicates that large Calanus spp. were, 
on average, approximately eight times more abundant in cold 
years (2012–2013) compared to warm years (2017–2019), 
while small Pseudocalanus spp. exhibited about eight times
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greater abundance in warm years than in cold years. These 
findings are consistent with the broader pattern described by
Kimmel et a l. (2023), who reported an overall increase in small 
copepod abundance and a decrease in large copepod abundance 
during warm periods (2002–2005 and 2014–2018) compared 
to the cold period (2006–2013) in the Northern Bering Sea.

Planktonic interactions: correlative structure and 
implications on food web structure and efficienc y

Seasonal differences in species and size composition of plank-
tonic communities were reflected in the correlative structure 
of the planktonic food webs that may be indicative of seasonal 
differences in trophic web structure and efficiency. In spring, we 
observed higher Chla concentrations dominated by large-sized 
phytoplankton (diatoms), whereas in late summer Chla concen-
trations were low and predominantly composed of small-sized 
phytoplankton.  In  spr  ing, as sea ice retreats, massive blooms of
large-sized phytoplankton occur (Fujiwara et al. , 2016)  favored  
by optimal light, nutrients and stratification. In summer in the 
Bering and Chukchi seas, stratification of the water column is 
strong and surface waters are typically nutrient-depleted result-
ing in a predominance of smaller sized phytoplankton in the
surface (Eisner et al. , 2016; Giesbrecht et al. , 2019), including 
prasinophytes, haptophytes, and small dinoflagellates (Fujiwara 
et al., 2014), with greater biomass of larger phytoplankton often 
present below the mixed layer (Martini et al., 2016). Our obser-
vations of seasonal shifts in total Chla concentrations, predom-
inance of Chla in the large-sized fraction, and diatom biomass 
are also consistent with phytoplankton taxonomic analysis from 
the Northern Bering and Chukchi seas (Sukhanova et al. , 2009; 
Laney and Sosik, 2014; Pickart et al., 2019) and from seston fatty 
acid biomarker samples and FlowCAM images from the four 
Arctic IERP surveys (Nielsen et al. , 2023). These studies show 
community shifts from diatoms dominating in spring to higher 
predominance of dinoflagellates and small flagellates in summer. 
Decreasing diatom abundances and reduced nutritional quality 
under lower nutrient conditions are associated with decreases in 
high quality fatty acids towards late summer (Leu et al. , 2011; 
Nielsen et al. , 2023). These seasonal changes in phytoplank-
ton biomass, composition and size structure, therefore, affect 
the quantity and quality of available food for microzooplankton 
and larger mesozooplankton (Søreide et al. , 2010; Leu et al. ,
2011; Krause et al. , 2021). In our study, relatively high diatom 
and low microzooplankton biomass in spring were observed, 
along with a planktonic food web characterized by direct links 
between phytoplankton and copepod biomass with no signifi-
cant links between copepod biomass and microzooplankton. In 
spring, microzooplankton growth ra tes are lower than diatoms
due to low availability of phytoplankton prey (Sherr et al., 2013) 
and low sea water temperatures. Additionally, microzooplankton 
biomass may be controlled by mesozooplankton consumption in 
the spring. As a result of the temporal lag between phytoplank-
ton and microzooplankton biomass accumulation and potential 
top-down control of microzooplankton by mesozooplankton, 
diatom productivity largely escapes microzooplankton grazing 
losses, with only 23%–35% of diatoms grazed in spring bloom
conditions (Krause et al. , 2021). Consequently, more diatom 
organic matter is directly available for secondary producers (e.g. 

copepods) and/or export to the benthos in spring. Indeed, while 
regional copepod species appear to prefer m icrozooplankton
as prey (Campbell et al. , 2009), diatoms are the main diet of 
large mesozooplankton during spring due to the high disparity 
between diatom and micr ozooplankton biomass near the ice
edge (Campbell et al. , 2009, 2016). These observations explain 
the strong association between large phytoplankton and large 
copepod biomass in spring of 2017. In spring of 2018, shifts 
in the timing of sea ice retreat and the spring bloom combined 
with very low abundances of l arge mesozooplankton may have
weakened the strength of this association.

In summer, a greater predominance of smaller phytoplankton 
combined with high microzooplankton biomass was observed, 
along with associations between phytoplankton and large meso-
zooplankton fully mediated by microzooplankton (i.e. no direct 
effect  of  phytoplankton  on  large  mesozooplankton).  In  sum-
mer, microzooplankton biomass and grazing pressure on diatoms 
are higher with a high proportion of diatoms (50%–100%) lost
to microzooplankton grazing (Olson and Strom, 2002; Strom 
and Fredrickson, 2008; Yang et al. , 2015). At this time, micro-
zooplankton carbon has been observed to exceed phytoplan k-
ton carbon (Olson and Strom, 2002; Strom and Fredrickson, 
2008; Mitra et al., 2014; Yang et al., 2015). High microzooplank-
ton biomass combined with the decline of diatom quality dur-
ing post-bloom conditions result in microzooplankton dominat-
ing mesozooplankton diets during summer/autumn (Campbell 
et al. , 2009). Therefore, seasonal differences in plankton size 
structure and composition result in food webs with contrasting 
correlation structure although this structure is also dependent 
on oceanographic conditions that year (e.g. timing of sea ice 
retreat and water mass distributions). Overall, our results suggest 
that diatom production is funneled to mesozooplankton through 
microzooplankton in summer, which results in a less efficien t
trophic transfer of phytoplankton organic matter compared to
spring (Sherr et al., 2013; Stoecker et al., 2014; Yang et al., 2015; 
Krause et al., 2021). Beyond these seasonal shifts in community 
interactions, the greater predominance of small zooplankton in 
our study period compared to colder years in summer (Pinchuk 
and Eisner, 2017; Kimmel et al. , 2023), likely reflects changes 
in phytoplankton size/quality between warm and cold years. 
This suggests that more complex trophic interactions may occur 
in the summer during warm years. As a result of warming and 
sea  ice  loss,  Arctic  systems  are  likely  to  have  increasingly  longer  
periods of time where this phytopla nkton–microzooplankton–
mesozooplankton food web is dominant as a result of warming
and sea ice loss.

Perspectives: in the context of our findings, what might 
we expect in the futur e?

Changes in planktonic species composition and size structure 
have the potential to affect arctic marine ecosystems and the ser-
vices they provide to human communities. Increases in primary 
production have been documented for the Northern Bering and 
Chukchi seas (Lewis et al. , 2020). However, it is uncertain if 
increased primary production will result in enhanced ecosystem 
productivity. Our findings suggest that a transition from a system 
fueled by ice-edge production to one dominated by open-water 
phytoplankton production would result in a less efficient trophic
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food web (i.e. greater number of trophic links in food web) and 
therefore, less energy available for upper trophic levels (Lovvorn 
et al. , 2016). Decreases in ice algae and increases in open-water 
phytoplankton  production  due  to  sea  ice  loss  or  changes  in  the  
timing of sea ice retreat in spring, are correlated to shifts in the 
species and size composition of mesozooplankton communities, 
with a shift from large-bodied and typically lipid-rich zooplank-
ton to smaller and often less nutritious zooplankton species (Sid-
don et al. , 2013; Aarflot et al. , 2018; Gorokhova, 2019; Møller 
and Nielsen, 2019; Hunt et al., 2022). The decreases in biomass 
of large, typically high-lipid copepods with increases in tempera-
ture that we observed in all four surveys agree with observations 
from other studies conducted in the Bering a nd Chukchi seas
(Spear et al., 2020; Kimmel et al., 2023). Changes in zooplankton 
prey quality may impact adult fish that are increasingly shifting 
their distributions northwards during low ice events (Stevenson 
and Lauth, 2019; Eisner et al. , 2020)  as  well  as  juvenile  fish  
that rely on zooplankton prey for lipid acquisition prior to ove r-
wintering (Heintz et al. , 2013; Eisner et al. , 2020). Changes in 
plankton size structure also impact the amount of carbon input 
to the seafloor, as suggested by a strong positive relationship 
between benthic macrofaunal biomass and the proportion of 
large phytoplankton in the water column during the post-bloom
period (Waga et al. , 2019) in the Bering and Chukchi seas. The 
effect of phytoplankton community size structure on benthic 
macrofauna can potentially impact upper trophic levels, such 
as marine ma mmals and diving seabirds in the Pacific Arctic
(Grebmeier et al., 2006; Waga et al., 2020). A higher retention of 
pelagic production in the water column and decreased export to 
the benthos will weaken the tight benthic-pelagic coupling that 
is characteristic of the region (Grebmeier et al. , 1988). Other 
changes in species composition include the occurrence of harm-
ful algal blooms (Alexandrium spp.) that have been documented 
in the Bering and Chukchi seas more frequently in association 
with increased northward advection of warm Pacific waters (Nat-
suike et al., 2013; Natsuike et al., 2017a, 2017b; Anderson et al., 
2021, 2023). The northern expansion of harmful algal blooms 
poses increasing threats to upper trophic levels and human health 
in the Arctic region (Anderson et al. , 2018; Huntington et al. ,
2020). Our study shows that warming and increasing inflow of 
warm Coastal Water into the Chukchi Sea is associated with 
smaller sized phytoplankton (e.g. Synechococcus), and a meso-
zooplankton community characterized by small and neritic cope-
pods in summer. Even though satellite models project increasing
primary production for this region (Lewis et al. , 2020), the fate 
of that production and its ecosystem wide implications remain 
uncertain. A better understanding of the impacts of changes in 
planktonic species and size composition on higher trophic levels 
is critical and must be adequately accounted for in forecasting
ecosystem responses to climate change.

Caveats and future directions 
This study provides a synthesis of planktonic interactions based 
on correlative associations, but the lack of direct rate mea-
surements limits mechanistic conclusions. Trophic interactions 
are influenced by factors such as prey selectivity, prey quality 
and temporal variability in prey availability. Future studies 

incorporating inverse carbon flow modeling approaches or tar-
geted grazing measurements could help refin  e our understanding
of planktonic trophic interactions in Arctic ecosystems.

Additionally, spatial differences in sampling coverage between 
years present a limitation, though our analyses suggest that 
seasonal shifts are the primary driver of plankton variability. The 
strong seasonal separation observed in community clustering 
and RDA results, even in regions with spatial overlaps, supports 
this interpretation. However, broader spatial sampling across 
both seasons would improve our abil ity to disentangle spatial
and seasonal influences.

CONCLUSIONS 
This study provides a comprehensive analysis of the variability 
in the distribution, size, and taxonomic compositions of 
phytoplankton, microzooplankton and mesozooplankton in 
the Northern Bering and Chukchi seas during the unusually 
warm period of 2017–2019. Our findings reveal significant 
shifts in plankton composition and interactions associated with 
changes in temperature, salinity, and nutrient availability. Record 
low sea ice in 2018 was associated with high biomass of large 
phytoplankton but low abundances of large mesozooplankton 
species in spring. In contrast, warm summer conditions and 
increased inflow of warm Coastal Water onto the Chukchi Sea 
shelf in 2019 resulted in a predominance of small-sized phyto-
plankton, reduced microzooplankton biomass, and a distinct 
mesozooplankton community characterized by high abundance 
and biomass of small pelagic and neritic copepod species. 
Seasonal differences in plankton species and size composition 
were reflected in the structure of planktonic food webs. In 
spring, there was a direct link between large phytoplankton and 
mesozooplankton, whereas in summer, the link was mediated by 
microzooplankton, indicating a more complex and less efficient 
trophic energy transfer. Our results suggest that a transition 
from ice-edge to open-water phytoplankton production with 
continued warming may lead to a less effici ent trophic food
web and reduced energy transfer to higher trophic levels. This
shift, coupled with changes in zooplankton species composition
towards smaller, less nutritious species, could impact on the
overall productivity of the ecosystem and the species that rely on
these food webs, including fish, marine mammals and seabirds.
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