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ABSTRACT: Bottom-up changes in the abundance and composition of primary producers and pri-
mary consumers can cascade through ecosystems. Zooplankton stable isotopes (8'°C and §'°N)
can be used to determine the linkages between these bottom-up processes, as nutrients, commu-
nity composition, and physical oceanographic variables can influence zooplankton stable isotopes.
However, the expression and variability in zooplankton stable isotopes remain poorly constrained
and understood in many systems. Here, we explored how environmental and community variabil-
ity influences zooplankton stable isotope ratios in the eastern Bering Sea across a wide range of
ocean conditions. We tested whether there were interannual, spatial, or climate-driven shifts in
the 8!°N and 8'3C of zooplankton. We found considerable variability across the eastern Bering Sea,
with significant differences in isotopes among years, regions, and depths. These patterns were
driven by differences in zooplankton community and physical oceanographic variables such as
sea surface temperature. Effects were consistent across isotopes, and reflect the shared influences
of oceanographic parameters and nutrients on §'°C and §'°N at the base of the food web.
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INTRODUCTION

There is great temporal and spatial variation in
the abundance, distribution, and trophodynamics of
organisms in marine environments. For lower trophic
levels, the proximate cause of much of this variation
may be local-scale processes in ocean conditions, but
large-scale climate factors such as the North Pacific
Gyre Oscillation or North Atlantic Oscillation can
also contribute to differences in trophodynamics (Di
Lorenzo et al. 2008, Mills et al. 2013, Hertz et al.
2016). Higher trophic level organisms can be influ-
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enced by these bottom-up processes, such that abun-
dances of fish, seabirds, and marine mammals are
affected by the abundance (Ware & Thomson 2005,
Frank et al. 2006) and species composition (Trites &
Donnelly 2003, Mackas et al. 2007, Mills et al. 2013)
of lower tropic levels. Thus, understanding drivers of
lower trophic level variation is important for under-
standing cascading changes throughout ecosystems.

The eastern Bering Sea is experiencing changes
in ocean conditions due to climate change, and vari-
ous aspects of the food web are responding in con-
trasting manners (Coyle et al. 2011). Zooplankton
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are a key prey item of many higher trophic level
organisms, and represent a critical link in the east-
ern Bering Sea between primary producers and
higher-order consumers (Coyle et al. 2011, Hunt et
al. 2011). The abundance and species composition
of zooplankton responds to shifts in climate condi-
tions, with warmer years generally having zoo-
plankton communities of a lower overall biomass
comprised of smaller-sized individuals with lower
lipid contents (Heintz et al. 2013, Eisner et al. 2014,
Zador 2015). However, the implications of these
shifts for higher trophic levels can be difficult to
determine due to the different spatial and temporal
scales on which they operate.

Because stable isotopes integrate variability in food
chains over relatively longer time periods (weeks to
months; Fry 2006), they are useful to understand the
effects of shifting climatic conditions on marine food
webs. In the ocean, 8N generally experiences an
enrichment of 3-4 %0 between trophic levels, and is
thus often used as an indicator of trophic position
(Cabana & Rasmussen 1996, Post 2002). However,
biogeochemical and environmental factors can also
alter 8'°N values at the level of dissolved inorganic
nitrogen and subsequently phytoplankton, which is
then passed on to higher trophic levels (McMahon et
al. 2013, Schmittner & Somes 2016). The §'°N of dis-
solved inorganic nitrogen, and thus the 8N of
phytoplankton, is influenced by nutrient availability,
nutrient source, light, species composition, and nitro-
gen fixation (Mullin et al. 1984, Somes et al. 2010,
McMahon et al. 2013). On a global scale, water col-
umn denitrification, algal NO3 uptake, and nitrogen
fixation have the greatest impact on simulated §'°N,
although local-scale effects can also override these
broad-scale patterns (Somes et al. 2010).

313C experiences a lower trophic enrichment, gen-
erally between 0 and 1%, and is thus incorporated
into consumer tissues relatively unmodified (Post
2002, McCutchan et al. 2003). Changes in phyto-
plankton §'3C (and thus zooplankton §**C) are gener-
ally caused by either changes in the §'3C of dissolved
inorganic carbon, or by differential fractionation dur-
ing uptake and assimilation of dissolved inorganic
carbon (Laws et al. 1995, Barnes et al. 2009). A posi-
tive relationship between sea surface temperature
(SST) and phytoplankton §'®C exists because the
main parameters influencing photosynthetic frac-
tionation of phytoplankton §'3C are the concentration
of dissolved CO, and the growth rate of the cells,
both of which vary indirectly with SST (Laws et al.
1995, Magozzi et al. 2017). Lower temperatures and
higher concentrations of CO, are associated with

lower 8"C values in phytoplankton (Rau et al. 1989,
McMahon et al. 2013, Schmittner et al. 2013). Cell
size, species composition, and growth rate are also all
noted to influence phytoplankton 33C through dif-
ferential fractionation (Laws et al. 1995, Popp et al.
1998), which can then be transferred up to higher-
order consumers. Furthermore, when carbon draw-
down is high during phytoplankton blooms, the
nutrient source of phytoplankton can switch from
dissolved CO, to bicarbonate ions, and due to differ-
ential fractionation between ions, phytoplankton
experience enriched §°C values (Laws et al. 1997,
Popp et al. 1998). Overall, in high-latitude systems,
813C of phytoplankton and zooplankton is expected
to track SST gradients, as SST co-varies with direct
drivers of phytoplankton isotopic fractionation such
as community composition, growth rate, and concen-
tration of dissolved CO, (Magozzi et al. 2017).

A growing number of studies in the ocean have
generated large-scale isoscapes (McMahon et al.
2013, Magozzi et al. 2017) and have tested various
hypotheses regarding large-scale baseline variabil-
ity (Jennings & Warr 2003, Barnes et al. 2009). In
the northeast Atlantic Ocean, baseline (queen scal-
lop Aequipecten opercularis) spatial variability in
313C was largely controlled by temperature (Jen-
nings & Warr 2003), while baseline spatial variabil-
ity in 8N was related to temperature, as well as
salinity and depth (Barnes et al. 2009). An isoscape
developed with jellyfish tissue across the North Sea
10 yr later also showed similar patterns (MacKenzie
et al. 2014). McMahon et al. (2013) synthesized iso-
topic data across the Atlantic Ocean and suggested
the importance of changes in temperature, primary
productivity, nutrients, microbial cycling, and phyto-
plankton composition and growth on baseline §'°N
and 8'3C. Finally, Magozzi et al. (2017) used a cou-
pled physics—biogeochemistry model to model the
distribution of 83C of phytoplankton across the
global ocean using modelled parameters such as
SST, concentration of dissolved inorganic carbon,
and concentration of CO,.

A number of previous studies have investigated
zooplankton stable isotopes in the eastern Bering
Sea. Schell et al. (1998) and Schell (2000) hypo-
thesized an annual positive relationship between
chlorophyll a (chl a) concentrations (an indicator of
phytoplankton biomass) and the §°*C values occur-
ring at the base of the food web in the Bering Sea.
However, the relationship between environmental
variables and stable isotopes of zooplankton was not
directly assessed in these papers. Phytoplankton and
zooplankton 8°C could also be positively (though
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indirectly) related to SST in the Bering Sea (Rau et al.
1989, Laws et al. 1995, Hertz et al. 2015). Patterns in
zooplankton 8!°N in the eastern Bering Sea are less
clear. Low 8N values were observed in the southern
Bering Sea, possibly due to either slow phytoplank-
ton growth rates or excess nutrient concentrations
(Schell et al. 1998). Much of the variation in phyto-
plankton §'°N in the Bering Sea could concern the
source and composition of nitrogen used by phyto-
plankton (Somes et al. 2010), which correlates with
nutrient concentrations and temperature. Omnivory
within the zooplankton community may also be im-
portant for §'°N values (Kling et al. 1992), with re-
gions with more carnivorous zooplankton expected
to have higher 8!°N. Here, we add to this growing lit-
erature and show how commonly measured environ-
mental variables influence §°C and 8N in zoo-
plankton in the eastern Bering Sea.

Using stable isotopes as a tracer of bottom-up pro-
cesses, we examined how environmental variability
influences zooplankton stable isotopes in the east-
ern Bering Sea across variable temperature regimes.
First, we tested whether there were interannual or
spatial shifts in the 8'°N and 8'°C of zooplankton in
the study period between 2003 and 2006. We ex-
pected significant differences in
8!°N and §'C due to variability
in physical oceanography and
nutrient concentrations, espe-
cially in 2006 when the eastern
Bering Sea climate shifted from
warmer to cooler conditions. We
then examined whether predic-
tions from global-scale models
based on first principles
matched with the variability ob-
served across wide spatial
scales in the eastern Bering
Sea. We hypothesized that the

165°W

MATERIALS AND METHODS

Survey stations and oceanographic sample
collection

Bulk zooplankton samples and associated oceano-
graphic data were collected in the eastern Bering Sea
from August to early October 2003-2006 (n = 161, see
Eisner et al. 2014 for more detailed sampling informa-
tion). Stations were located from 54.4° to 64.0° N, and
approximately 160° to 173°W (Fig. 1). Each station
was sampled between 1 and 4 times (Fig. 1). Vertical
profiles of temperature and chl a were collected using
a Sea-Bird Electronics Model 25 or Model 9 plus CTD.
Total integrated chl a (mg m™2) at a given station was
calculated by integrating the chl a concentrations
over the water column estimated at 1 m intervals from
CTD fluorometer profiles. The fluorometer was cali-
brated using discrete water samples for chl a collected
with Niskin bottles attached to the CTD. Samples
were filtered onto glass fiber filters, stored frozen at
—80°C, and later analyzed with a bench top fluorome-
ter using the acidification technique (Parsons et al.
1984). In 2003-2005, SST was recorded from the
bridge using a thermosalinograph, while in 2006, SST

150° 165°W 150°
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813C and 8N of zooplankton
would be influenced by nutri-
ents, SST, zooplankton commu-
nity structure, and chl a (for
813C), through the influence of
these variables on dissolved
inorganic nitrogen and carbon
and subsequently phytoplank-
ton. Finally, we modeled the
spatial variation in the isotopic
composition (isoscape) of nitro-
gen and carbon in the eastern

Bering Sea over the period of
2003-2006.

Fig. 1. Sampling stations in the Eastern Bering Sea, 2003-2006
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data were recorded at 5 m from the CTD. These meth-
ods were not intercalibrated, but year was included as
a random effect in all modeling (in part) to account for
the possible variability. Water samples for nutrients
were collected at 5 m using Niskin bottles on the CTD.
Nutrient samples were frozen at —-80°C and later ana-
lyzed for dissolved phosphate, silicic acid, nitrate, and
nitrite at a shore-based facility using colorimetric
methods (JGOFS 1994).

Bulk zooplankton for stable isotope analysis were
collected with a 60 cm diameter bongo net with a 505
pm mesh towed obliquely from 5-10 m off bottom to
the surface (or from 300 m to surface for bottom
depths >300 m). Samples for stable isotope analysis
were obtained using the entire catch from one side of
the bongo, drained and stored frozen at —20°C. For
taxonomy, samples from 2003 and 2004 were sorted
at the Polish Plankton Sorting and Identification Cen-
ter, while those from 2005 and 2006 were sorted at
the University of Alaska (see Eisner et al. 2014 for
more details). Samples for identification were stored
in 5% buffered formalin.

Stable isotope analysis

Zooplankton samples were dried, ground to a fine
powder, packed into tin capsules to approximately
1 mg, and run on a Thermo Delta IV Isotope Ratio
Mass Spectrometer (University of Victoria). An inter-
nal standard showed measurement error of ~0.2 %o.
Values of §!°N and 8'3C are expressed in the delta (8)
notation:

BISN or 813C = [(Rsample/Rstandard) - 1] x 1000 (1)

where Ris '®N:"N or 13C:'2C for the sample or a stan-
dard (8"N standard: atmospheric nitrogen; §'°C stan-
dard: Vienna Peedee Belemnite). All samples of zoo-
plankton were mathematically lipid-corrected using
the C:N ratio following El-Sabaawi et al. (2009), since
differences in the amount of lipids between samples
can affect 8'3C values. C:N ratios of individual sam-
ple hauls ranged from 2.0 to 22.9, possibly due to dif-
ferences in carbonate in the tissues among samples
(Spero et al. 1997).

Statistical analysis

The statistical analysis had 3 separate goals. The
first, descriptive, analysis explored whether the §'°N
and 8'3C of zooplankton was different among years
(2003-2006), latitudinal regions (north: >260°N and

south: <60°N), and cross-shelf depth domains (inner:
<50 m, middle: 50-100 m, and outer: 100-180 m).
However, the assumptions of parametric tests were
not met in some comparisons and there was a nega-
tive relationship between the 8'°N and 8°C of zoo-
plankton (R? = 0.28, p < 0.001). We therefore used a
permutation-based multivariate analysis of variance
(PERMANOVA) to determine the effect of year,
region, and depth domain (and their interactions) on
8N and 8'3C values. This analysis was carried out
using the 'Adonis’ function in the R package 'vegan’
(Oksanen et al. 2018), using a Euclidean distance
matrix (Coll et al. 2013). To further explore whether
the categorical variables affected §'°N, §'°C, and C:N
values differently, we also used separate Mann-
Whitney U-tests and Kruskal-Wallis tests for 8N
and §'C. A post hoc test, 'kruskalmc’, in the R pack-
age ‘pgirmess’ (Giraudoux 2018), was used to assess
which groups were significantly different in the
Kruskal-Wallis test.

The second analysis was concerned with determin-
ing how environmental, zooplankton community,
and nutrient variables influenced zooplankton stable
isotopes. To reduce the chances of spurious results,
we carefully pre-selected possible variables for inclu-
sion in the models (Burnham & Anderson 2002),
based on mechanisms linking each variable to iso-
tope variability, and on the availability of data
sources. Environmental data included SST, surface
(5 m) nitrate, silicate, and phosphate. For the §!3C
model, we also included water column integrated
chl a biomass since chl a may have a positive (though
indirect) correlation with phytoplankton §!*C. We in-
cluded zooplankton community structure by running
a principal component analysis (PCA) on the counts
(m™3) of the categories of species identified in the
zooplankton tows. Categories that were represented
in <5 % of stations were removed for the purposes of
this analysis (for categories retained, see Fig. S1 in
the Supplement at www.int-res.com/articles/suppl/
m601p097_supp.pdf). We used the scores from the
first principal component as a predictor variable in
the multi-model selection (Fig. S1).

We checked for correlations among predictor vari-
ables using Pearson correlations. To normalize nutri-
ent data, we log transformed [log (x + 0.1)] all nutrient
data prior to analysis (El-Sabaawi et al. 2012, 2013).
To characterize associations between zooplankton
isotopes (8'°N and §'3C separately) and environmental
variables, we used regression and multimodel infer-
ence (Burnham & Anderson 2002). For model selec-
tion, we used Akaike's information criterion corrected
for small sample sizes (AICc) and Akaike weight (w;;
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Burnham & Anderson 2002). As a rule of thumb, mod-
els with AAICc values within 2 of the best model are
indistinguishable from the best model (Burnham &
Anderson 2002). All explanatory variables were stan-
dardized to have a mean of 0 and standard deviation
of 1 to allow interpretation of effect size and permit
comparison of coefficients (Legendre & Legendre
1998). We accounted for spatial autocorrelation
among variables by including an error structure
where the association between sampling locations de-
pended on a spherical distribution of latitude and lon-
gitude values (Crawley 2012). Year was included as a
random effect in all models to account for the same
station being sampled in multiple years. We also per-
formed model averaging so that we did not have to
rely solely on the best estimated model. Model aver-
aging increases precision and reduces bias associated
with only interpreting the best estimated model
(Burnham & Anderson 2002). We used the 'MuMin’
package in R to calculate parameter estimates with

different combinations of model parameters (Barton
2013). We then used confidence intervals averaged
over the model set by weight to assess the magnitude
and directionality of the variables' effect on §'°N and
313C. All models were fit using the R package ‘nlme’
(Pinheiro et al. 2017).

The third goal was to create ‘isoscapes’ of spatial
variability in 8'°N and 8'3C across the eastern Bering
Sea. To do so, we used kriging interpolation, a geosta-
tistical model used to interpolate measured values
across a certain region. This method is more robust
than alternative interpolation methods because it ac-
counts for spatial autocorrelation in the model. We es-
timated the 8'°N and 8'3C across the eastern Bering
Sea for all years combined (and each year separately)
based on ordinary kriging and a spherical semivari-
ogram model. We first estimated the semivariogram
parameters (i.e. nugget, range, and sill) for each iso-
tope in R and then included those values in the input
of the kriging interpolation in ArcMap 10.3.1.

Table 1. Results of permutation-based multivariate analysis of variance (999

permutations) for the effects of year, region, and depth domain and interactions

RESULTS

among variables on 8'°N and §'*C of zooplankton. *denotes significant effects

The PERMANOVA showed that

df Mean SumSq F R?  p(>F) year, region, and depth domain were
all significant sources of variation of
Year 1 80.70  80.70 1361 0.05 0.001* | oonlankton 85N and §'°C (Table 1).
Region 1 307.50 307.50 51.87 0.19 0.001* Int ti th iabl
Depth domain 2 21985 109.92 1854 0.14 0.001* nteractions among these vanables
Year:Region 1 1458 1456 246 0.01 0.079 were only significant for year x depth
Year:Depth domain 2 48.50 2425 4.09 0.03 0.008* domain (Table 1), suggesting that
Year:Region:Depth domain 1 9.08 9.08 1.53 0.01 0.211 15 13 .
Residuals 151 89514 593 0.56 8°N and §“C varied by year across
the depth domains. To further parti-
Total 160 1595.26 1.00 . c s
tion variability, we also explored the
effect of these categorical variables on
zooplankton §!°N and 8'3C separately.
—_ [}
- a b ab c
- *
; : =15+ Year
I i °
< : -+ : < Over the 4 yr in this study, there
< _20 . \ . g .
O E El ' were no significant differences be-
«®
: ' o — El T EI tween years for zooplankton 8'°N val-
- ! : . o5 - ; ues (Kruskal-Wallis chi-squared = 3.4,
L | ° e df = 3, p = 0.33; Fig. 2). Zooplankton
4 e 8BC values, on the other hand,
2003 2004 2005 2006 2003 2004 2005 2006 showed significant interannual differ-
Year Year ences (Kruskal-Wallis chi-squared =

Fig. 2. Variability in §'°N and 8'3C of Bering Sea bulk zooplankton by year. Dif-
ferent letters correspond to significant differences (p < 0.05) between years. Box-
plots display the median and upper and lower quartiles, while whiskers display
data within 1.5x the interquartile range from the box. Circles represent outliers

33.0, df = 3, p < 0.0001), although 2003
and 2005, and 2004 and 2005 were not
significantly different (Fig. 2). There
were no interannual differences in the
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C:Nratio of zooplankton (Kruskal-Wallis chi-squared
=6.9,df =3, p=0.08).

Regional variability

There were no differences between the northern Bering
Sea (60°N) and southern Bering Sea with respect to
81N (Wilcoxon rank sum test W = 2806, p = 0.58; Fig. 3).
Similarly, the southern Bering Sea and the northern
Bering Sea were not significantly different with respect
to 8'°C (Wilcoxon rank sum test W = 1464, p = 0.46;
Fig. 3). The southern Bering Sea did have a higher C:N
ratio (Wilcoxon rank sum test W = 3891, p = 0.001).

Depth domain

All depth domains differed significantly in their
8N values (Kruskal-Wallis chi-squared = 60.5, df =

2, p <0.0001), with values decreasing from near 13 %o
in the middle domain to near 9 %o in the outer domain
(Fig. 4). Depth domain also differed significantly for
313C (Kruskal-Wallis chi-squared = 34.1, df =2, p <
0.0001), with the lowest values in the middle domain,
but the comparison between the middle and outer
domain was not significant (Fig. 4). C:N ratio also dif-
fered by depth domain (Kruskal-Wallis chi-squared =
21.6, df = 2, p < 0.0001) with the highest values near
10 in the outer domain, and non-significant differ-
ences near 6 for the inner and middle domains.

Environmental influences on zooplankton
stable isotopes

Correlations between predictor variables were gener-
ally below r = 0.30, except for the correlations be-
tween nutrient concentrations. There was a significant
positive Pearson's correlation between log(NO3 + 0.1)
and log(SiO4 + 0.1) (59 = 11.2, p < 0.001),
between log(NO3 + 0.1) and log(PO,4 + 0.1)

(tiso = 8.1, p < 0.001), and between
log(SiOy4 + 0.1) and log(PO4 + 0.1) (ti50 =
8.6, p < 0.001). Because of these strong
correlations between nutrient values, we
only used log(NO;3; + 0.1) as a predictor

SST recorded in this study was 12.2°C in
2003, 10.7°C in 2004, 10.6°C in 2005, and
9.0°C in 2006, similar to the anomalies
calculated by Coyle et al. (2011). The av-

164 —
, ! o
' ' -15
14 : : 8
£ B
12 9_20, '
z |:|
10 ' 1 |
: 5 25 |
8] —— : 9
s N s
Region Region

)
.
l:| variable for the global model. The average
)
o
N

erage integrated chl a across the study
area was 53.8 mg m™ in 2003, 52.4 in
2004, 51.0in 2005 and 65.7 in 2006, which

Fig. 3. Variability in 8'°N and 8'°C of Bering Sea bulk zooplankton by north ;¢ o slightly different pattern than reported

(N) and south (S) region. See Fig. 2 for boxplot parameter definitions

in Eisner et al. (2016), likely due to sam-
pling different stations in different years.

Average surface NO3; was 1.2, 0.73, 1.7,

a b c o

164 N a b b and 1.1 pM in 2003-2006, respectively.
_E_ : 15 o Chaetognaths and amphipods, which
14 1 © 8 feed at a higher trophic level than other
: ’\g B S e zooplankton in the eastern Bering Sea
12 ' e é’ _204 : ; ' (Schell et al. 1998), comprised a signifi-
E 2 'E cant portion of the species composition at
10 : : i : some stations (chaetognaths: 0-92%;
E | ' -25 _:_ : L amphipods 0-52%). There was a slight
8 _:_ — _i_ —Ci)— positive relationship between the % com-
o) position of chaetognaths at a station and
Inner  Middle Outer Inner  Middle Outer 85N values (linear model: p = 0.02, R? =
Depth domain Depth domain 0.03) and no relationship between the %

Fig. 4. Variability in 8'°N and 8'C of Bering Sea bulk zooplankton by inner,

composition of amphipods at a station

middle, and outer depth domain. See Fig. 2 for boxplot parameter definitions and 8N values (linear model: p = 0.46,
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Table 2. Confidence set of regression models for §'°N of zoo-
plankton in the Bering Sea from 2003 to 2006. Akaike's in-
formation criterion (AICc), AIC difference (A), and weight
(w;) are presented for the candidate models, which included
all possible combinations of parameters plus the null model.
The model set is presented in ascending order of A, which is
the difference in AIC between the given model and the best-
fitting model. PC1¢omm: scores from the first principal com-
ponent of the zooplankton abundance matrix. SST: sea sur-
face temperature. Dashes indicate parameters not included
in the model

Intercept PClcomm NOjz  SST  AlCc A w;

11.96 0.74 - -0.60 6389 0.0 0.54
11.96 0.72 -0.19 -0.62 639.2 0.3 0.46
11.87 0.68 - - 654.0 15.1 0.00
11.87 0.67 -0.13 - 6554 16.5 0.00
11.95 - -0.35 -0.38 702.7 63.8 0.00
11.95 - - -0.34 705.1 66.2 0.00
11.96 - -0.30 - 7054 66.5 0.00
11.96 - - - 706.7 67.8 0.00

R? = 0.00). Both of these categories were included in
the principal component analysis (with the other spe-
cies categories) to determine loadings of overall spe-
cies composition, and influence of species composi-
tion on 8'°N and §'3C values.

The first principal component of the zooplankton
abundance matrix explained 15.4 % of the variation
(Fig. S1; hereafter PC1lcomn). Epilabidocera amphitri-
tes, Caridea spp., and Gammaridae spp. loaded
strongly positive on PC1, while Metridia pacifica,
Neocalanus spp., and Hyperiidae spp. loaded
strongly negative on PC1 (see Table S1 in the Sup-
plement). The scores from this principal component
from each station were used as an explanatory vari-
able in the spatial models.

Table 3. As in Table 2, but for §'3C

Intercept PClcomm NO3; SST chla AICc A w;
-21.67 -0.31 - 059 - 6702 0.0 0.56
-21.65 -0.32 -0.10 057 - 6719 1.7 0.23
-21.52 -0.28 - - - 673.8 3.7 0.09
-21.65 -0.31 -0.09 0.57 -0.06 673.9 3.8 0.08
-21.52 -0.28 - - -0.06 6758 5.7 0.03
-21.55 - - - -0.09 680.0 9.8 0.00
-21.52 -0.38 - 0.55 -0.34 710.3 40.2 0.00
-21.37 -0.39 -0.28 - -0.30 714.6 44.5 0.00
-21.35 -042 -032 - - 715.6 45.4 0.00
-21.58 - - 0.50 -0.45 7219 51.7 0.00
-21.57 - -0.12 0.48 -0.43 723.6 53.5 0.00
-21.43 - -0.17 - -0.42 726.1 56.0 0.00
-21.54 - - 049 -  726.3 56.1 0.00
-21.53 - -0.17 046 -  727.5 57.3 0.00
-21.40 - - - - 729.1 59.0 0.00
-21.40 - -0.22 - - 729.7 59.5 0.00

The AIC model ranking indicated that given the set
of candidate models for 8'°N, the regression model
that best described the variation included PC1comm
and SST, with a w; of 0.54 (Table 2). The model that
also included NO;3; had equivalent support (w; = 0.46,
delta = 0.3). The model averaged parameter values
provided insight on the directionality and strength on
the association of predictor variables with zooplank-
ton 8'°N values. The zooplankton community struc-
ture had a strong positive effect on zooplankton §'°N
while SST had a strong negative effect (Fig. 5). The
coefficient estimate for NO; overlapped 0.

The models that best explained the variation for
813C included the same parameters. The AIC model
ranking for 83C indicated that the best model in-
cluded PClcomm and SST with a w; of 0.56 (Table 3).
The second-ranked model had a delta of 1.7, and
included NOj3 in addition to PC1¢comm and
SST (w; = 0.23). Model averaged parame-

ter values for 8'*C showed a negative
effect of zooplankton community struc-
ture and a positive but variable effect of
SST (Fig. 5). The model averaged coeffi-
cient estimate for both NOj; and chl a
overlapped zero.

For both 8'¥C and 8'N models, the ran-
dom effect of year explained less than

6N model 6°C model
Comm i g PC1Comm +i
NO, —O+ NO, -O-
SST - | SST P ——
E chla %I}
} }
-2 0 2 -2 0

Standardized coefficient

2 1% of the variance.

Fig. 5. Model averaged parameter coefficients (with 95% confidence lim-

its) for zooplankton 8°N and §'°C in the eastern Bering Sea. Values are

Isoscapes

significant (p < 0.05) if confidence intervals do not overlap with 0 (vertical

dashed line) and are represented with a filled circle. Non-significant vari-
ables are represented by an open circle. PClconm: scores from the first
principal component of the zooplankton abundance matrix, SST: sea

surface temperature

The zooplankton 8N model parame-
ters were a range of 601 km, a sill of 4.10,
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Fig. 6. (a) 8'°N and (b) 8'3C isoscape of the Eastern Bering Sea, 2003-2006. Black dots indicate all stations sampled between
2003 and 2006

and a nugget variance of 1.3. Across all years, zoo-
plankton §!°N was enriched in northern and eastern
areas of the Bering Sea shelf, with values near 15 %o
(Fig. 6a). In the Bering Strait, values were slightly
lower, and there were depleted values of zooplank-
ton 8N north and west of St. Lawrence Island.
Towards the southeast of our sampling area, zoo-
plankton 8°N values were lower, and the lowest §'°N
values were in the southeast, with values near 8 %o.

The zooplankton §'°C model parameters showed a
range of 1324 km, a sill of 2.03, and a nugget variance
of 3.8. Zooplankton 813C, across all years, showed an
opposite pattern. Values were more depleted (lower)
on the northern and eastern Bering Sea shelf, with a
slight enrichment (rather than depletion as in §'°N) of
values immediately north and east of St. Lawrence Is-
land (Fig. 6b). The most enriched (highest) §°C
values were in the south, near the Aleutian Islands.
Both 8!'°N and 8!3C showed the same general patterns
when the data were split by year, although with some
local-scale differences and changes in magnitude
(Figs. S2 & S3 in the Supplement).

DISCUSSION

We found spatial and temporal variability in zoo-
plankton carbon and nitrogen stable isotopes in the
eastern Bering Sea. This variability appeared to be
largely driven by differences in zooplankton commu-
nity structure as well as physical oceanographic vari-
ables, such as SST. The effects were generally similar
for both §'3C and 8'°N, and reflect shared processes
driving carbon and nitrogen dynamics at the base of
the foodweb. The spatial and temporal coverage of
this study is notable, and data on the baseline vari-
ability in isotope dynamics within a critical region
supporting major fisheries could prove useful for
studies on isotopic variation in other species.

We found interannual differences in §'*C. This was
especially evident in 2006, when the climate shifted
from a warmer to a cooler regime (Coyle et al. 2011).
This shift in climate was accompanied by a change in
313C values to the lowest observed over the 4 yr of our
study. Both the spatial and temporal variations in
313C in the eastern Bering Sea are likely related to
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SST, because with cooler SST, the amount of dis-
solved CO, increases, resulting in phytoplankton
with lower §"°C due to differential fractionation of
CO, and bicarbonate ions (Weiss 1974, Laws et al.
1997, McMahon et al. 2013). Phytoplankton (and thus
possibly zooplankton) isotopic fractionation is also
influenced by SST through the indirect impact of SST
on phytoplankton growth rate and cell size (Laws et
al. 1995, Popp et al. 1998). Supporting the impor-
tance of SST in the eastern Bering Sea, the model-
averaged parameter estimate for SST was large and
positive, as expected.

Nutrients showed a limited effect on zooplankton
81%C. Nitrate (which was strongly and positively cor-
related to other nutrient concentrations) was also
included in the second-best model for the spatial
variation in 8'*C. This may indicate the importance of
nutrients on phytoplankton growth—if NO3; was a
limiting nutrient (Laws et al. 1997, McMahon et al.
2013) (e.g. higher nutrients lead to increases in
phytoplankton growth and subsequent increases in
zooplankton 83C that prey on the §°C enriched
phytoplankton).

The effect of phytoplankton biomass (chl a) on §*3C
was relatively weak, with the model that included
this extra parameter receiving much less AIC support
compared to other models. This is likely because SST
and nutrient concentrations may co-vary indirectly
with chl a, but once both of these factors are included
in the model, there is little additional variance that
can be explained by chl a. Chl a offers a rough esti-
mate of phytoplankton biomass rather than produc-
tivity (Schell et al. 1998, Miller et al. 2008, Oczkowski
et al. 2014). Thus, the ship-board estimates of chl a
biomass are only a snapshot in time reflecting the
balance between growth and loss rates of phyto-
plankton that are temporally disconnected from the
813C of zooplankton (Woodland et al. 2012).

For 83C, we also found that the community struc-
ture of zooplankton was an important factor in
explaining spatial variation. Previous work on zoo-
plankton in the Bering Sea has shown that the com-
munity structure varies both spatially and tempo-
rally, with general separation among taxonomic
community clusters by both latitude and longitude
(Eisner et al. 2014). Since we were analyzing bulk
zooplankton, and we found that the zooplankton
community structure was important for explaining
variation in 8'3C (and 8'°N), it is likely that zooplank-
ton communities from different geographic regions
were playing different trophic roles (Kling et al. 1992,
El-Sabaawi et al. 2012). For example, the nearshore
community (Cluster L1 in Eisner et al. 2014) was

characterized by high abundances of Parasagitta ele-
gans and Cnidaria, and this corresponds with rela-
tively high values of 8'3C and 8"°N in our isoscapes.
Both P. elegans and Cnidaria feed largely on other
zooplankton, so would be expected to have higher
isotope values as well. Further research could use a
single zooplankton species to minimize variation in
isoscapes caused by shifts in community composition
(Kline 2010) or it could use compound-specific stable
isotope analysis (Popp et al. 2007).

The same parameters that explained variability in
313C values also explained variability in §'°N values.
Because of the correlation between 33C and 8N
(R? = 0.28, p < 0.001), it was difficult to partition out
the factors driving each isotope independently. The
only model-averaged parameters for §!°N that did
not overlap 0 included a negative estimate for SST,
and a stronger positive estimate for PClcon,. In the
California Current System, the §'°N of zooplankton
was strongly related to SST, possibly due to temp-
erature effects on nitrate supply and demand (El-
Sabaawi et al. 2012, 2013).

The isoscapes represent spatial and temporal vari-
ability in both 8°C and 8'°N. Spatially, §'°N values
tended to be highest in the northern Bering Sea, and
in nearshore areas. These regional differences in sta-
ble isotopes were also indicated by the significance
of the depth domain variable in the PERMANOVA.
Overall, with the data from 2003-2006 combined in
an isoscape, the Bering Strait was relatively enriched
in 8N relative to regions just south (north of St.
Lawrence Island). In isoscapes developed from data
in 2004 and 2006, despite limited sampling in the
region, it appeared that the Bering Strait had lower
8!°N values than more nearshore or southern areas.
This could be due to interannual differences in the
advection of zooplankton from the nutrient-rich
Anadyr water through the Bering Strait and into the
Chukchi Sea (Schell et al. 1998, Marsh et al. 2016), or
simply interannual variability in NOj3. The increase of
8!°N from offshore to nearshore areas of the eastern
Bering Sea indicates the low surface concentrations
of nitrate (Schell et al. 1998; our Fig. 7). Contrast-
ingly, in the south Bering Sea (near the Aleutian
Islands), Schell et al. (1998) suggested that the very
depleted 3'°N values were due to slow phytoplank-
ton growth rates or excess nutrient concentrations.
We found that the surface nitrate concentrations
were very high in the south of the Bering Sea relative
to the rest of the Bering Sea (Fig. 7), lending support
to the excess nutrient concentration hypothesis.

313C values in the eastern Bering Sea were en-
riched in the south (near the Aleutian Islands) com-
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Fig. 7. Nitrate [log (x + 0.1)] at the surface (5 m) in the east-
ern Bering Sea, 2003-2006. Black dots indicate all stations
sampled between 2003 and 2006

pared to more northern regions. Part of this pattern
could be due to the northern Bering Sea having
lower SST (Eisner et al. 2016), leading to higher con-
centrations of CO,, and associated depleted §'*C due
to preferential use of the light isotope by phytoplank-
ton when concentrations are higher (Laws et al. 1995,
Hertz et al. 2015, Magozzi et al. 2017).

Estimating trophic relationships between organ-
isms using bulk zooplankton requires that the base-
line variability in isotopes is known (Cabana & Ras-
mussen 1996, Jennings & Warr 2003, Warry et al.
2016). We have shown that the baseline variability in
both §°N and 8°C can be high on large spatial
scales, and can be driven by physical oceanographic
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house gas emissions and climate forcing. These data
could also be quantitatively compared to global-scale
mechanistic models (Somes et al. 2010, Magozzi et al.
2017), to determine how well predictions made in the
eastern Bering Sea match up with observed patterns.
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