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A B S T R A C T   

Globally, there have been few long-term (>30 years), shelf-wide surveys of jellyfish that have allowed for the 
examination of how populations might respond to changing climatic and oceanographic conditions. One region 
where investigation of jellyfish responses to climate variability is possible is the eastern Bering Sea, where jel-
lyfish biomass, primarily that of Chrysaora melanaster, has fluctuated dramatically since 1982, when systematic 
collections of these medusae began. Our previous investigations of a 27-year time series indicated that the timing 
of the jellyfish biomass increases and declines coincided with transitions between climatic regimes. In the current 
study, we used updated jellyfish catch and environmental data from 1982 to 2017 and reran our generalized 
additive model (GAM) analyses to determine if models using solely physical variables and lag of jellyfish biomass 
could describe accurately the increases and subsequent decreases observed in this jellyfish biomass index. GAMs 
hindcasting jellyfish biomass for the period 1982–2017 explained a large fraction of the variance, 92.3 % and 
86.4 %, for the southeast (SE) and northwest (NW) portions of the survey area, respectively, using jellyfish 
biomass in the preceding year and physical variables (SE: ice retreat, sea-surface temperature, wind mixing, wind 
stress and current displacement; NW: sea-surface temperature, ice cover, wind stress and current displacement). 
We developed more parsimonious models by calculating the variance inflation factor for each term and dropping 
highly correlated terms from the models. The resulting GAMs continued to explain a significant portion of the 
variance in jellyfish biomass, i.e., 78.2 % and 73.5 %, in the southeast and northwest survey areas, respectively. 
Jellyfish biomass in the SE region was correlated with the jellyfish biomass in the preceding year and with wind 
mixing, wind stress and current displacement. In the NW region, jellyfish biomass was correlated with biomass 
from the preceding year, and with summer sea-surface temperature and current displacement. Jellyfish biomass 
in the eastern Bering Sea did not increase during warm periods, as has been speculated to occur elsewhere. 
Jellyfish, which are both predators and competitors of fish, appear to be responding to changes in physical 
conditions and are important indicators of ecosystem change in the eastern Bering Sea. The development of 
models that use physical parameters, as opposed to biological variables that are often not readily available, is key 
to predicting jellyfish abundance and their impacts on commercially important species.   

1. Introduction 

Jellyfish populations throughout the World’s oceans fluctuate but 
the causes of these fluctuations are not well established (Condon et al. 

2013). Some purported relationships among jellyfish abundance and 
environmental variables have been criticized as spurious because these 
studies examined only a portion of a longer-term jellyfish cycle (Pitt 
et al. 2018). Few scyphozoan abundance trends have been surveyed over 
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several decades and at broad spatial scales which could allow for ex-
amination of how populations might vary in response to changing cli-
matic and oceanographic conditions. The eastern Bering Sea (EBS) is one 
marine ecosystem where such studies can be conducted due to an 
extensive systematic survey that has been conducted yearly since 1979 
(Stephenson and Lauth, 2019). 

The EBS is a productive and economically valuable ecosystem, sup-
porting rich populations of zooplankton, forage fish, groundfish, crabs, 
marine birds, and mammals. Alaskan commercial fisheries are among 
the largest in the world, with combined annual landings of over 2.7 
million metric tons valued at 1.8 billion $US (NMFS 2019). The highly 
productive EBS ecosystem also supports large populations of jellyfish 
(scyphomedusae, primarily Chrysaora melanaster, and hydromedusae), 
which have fluctuated substantially in biomass from estimates near zero 
to a high of 337,000 mt over the period 1979–2012 (Brodeur et al., 
2008a; Decker et al., 2014). Jellyfish, which are both predators and 
competitors of fish, may respond quickly to changes in physical and 
biological conditions and thus, provide important clues to understand-
ing ecosystem changes. 

The eastern Bering Sea features a broad (~500 km wide), shallow 
(<200 m deep) shelf extending northwestward from the Alaska Penin-
sula to the eastern tip of Siberia. It is subject to ice cover whose average 
seasonal cycle in extent (including the Chukchi Sea to its north) is ~ 
1700 km, the greatest of any Arctic or sub-Arctic region (Walsh and 
Johnson, 1979). The interannual variability in maximum sea ice extent 
is on the order of 400 km (e.g., Niebauer, 1983); the variability among 
years is large because the region can be dominated by air masses of 
either maritime or Arctic origin (Rodionov et al., 2007). The maximum 
ice extent and timing of ice retreat in spring represent the primary fac-
tors controlling physical conditions on the Bering Sea shelf throughout 
the year (Stabeno et al., 2001; Stabeno et al., 2012a; Sullivan et al., 
2014), but weather conditions during the summer, especially the 
amount of storminess, wind-mixing and insolation (i.e., solar radiation 
that reaches the earth’s surface) can also be important modifiers of the 
water properties and primary production (Bond and Overland, 2005). 

The period of 2001 through 2018 has included strongly anomalous 
warm and cold periods on the Bering Sea shelf (Stabeno et al., 2017; 
Stabeno and Bell, 2019). The early portion (2001–2005) of this interval 
featured relatively mild winters and reduced sea ice (Stabeno et al., 
2007) with pronounced impacts on lower-trophic levels and fish 
recruitment (Overland and Stabeno, 2004; Coyle et al., 2008; Stabeno 
et al., 2012a). A transition to colder conditions began in 2006 (Hunt 
et al., 2010). Between 2008 through 2013, ice cover on the southern 
portion of the shelf was comparable to that which occurred during the 
frigid period of the early 1970 s (Stabeno et al., 2017). A period of ocean 
warming and reduced sea ice cover began in 2014 and continued 
through 2019 (Stabeno et al., 2017; Stabeno and Bell, 2019). Changes in 
climate forcing and physical oceanography of the Bering Sea shelf are 
important in the present context due to linkages to lower-trophic level 
production and community structure, as elaborated below. 

Sea ice is an important factor defining the interannual variability of 
the EBS shelf, influencing bottom temperatures throughout summer, 
cross-shelf transport, and timing of the spring phytoplankton bloom 
(Stabeno et al., 2012b; Stabeno et al., 2017). North of 60◦N, ice usually 
covers the shelf for at least 98 % of March and April. Farther south 
(~57◦N), the coverage averages < 10 % of the days in March and April 
(Stabeno et al., 2012b). Interannual variability in ice cover on the 
northern shelf was very small up to 2017/2018 (Stabeno and Bell, 
2019), while the number of days ice has been present during March/ 
April on the southern shelf up to 2016 has varied considerably (Hunt 
et al., 2022). Due largely to the influence of ice, the northern shelf has a 
low salinity surface lens and salty (31.8), cold (<-1.5 ◦C) bottom water 
(Stabeno et al., 2012b). Therefore, salinity contributes significantly to 
stratification on the northern shelf. Stratification of waters in the 
southern portion of the Middle Shelf Domain (depth 50 – 100 m) is 
driven primarily by solar heating of the surface layer in summer (Ladd 

and Stabeno, 2012). The differing drivers of stratification result in a 
sharp pycnocline in the south, while in the north, the pycnocline is more 
gradual, and often supports a subsurface bloom throughout the summer, 
a phenomenon rarely observed on the southern shelf (Stabeno et al., 
2012b). 

Changes in ice conditions and timing of the spring bloom affect 
Bering Sea zooplankton biomass (Hunt et al., 2002; Hunt et al., 2011; 
Sigler et al., 2016). In late winter/early spring, ice algae are a critical 
first food source for Bering Sea zooplankton (Wang et al., 2015a; 
Campbell et al., 2016; Pleuthner et al., 2016) and, in particular, are a 
driver of Calanus glacialis/marshallae (hereafter Calanus spp.) egg pro-
duction (Baier and Napp, 2003; Durban and Casas, 2014; Daase et al., 
2013). Later in spring, sea ice melting affects both the near-surface 
stratification by the release of freshwater, and the penetration of light 
into the water column. This increase in stratification and light can lead 
to an ice-associated phytoplankton bloom when the ice-melt comes late 
enough in the year to occur after the last of the big winter storms 
(Stabeno et al., 2001; Hunt et al., 2002). These ice-associated algae and 
phytoplankton appear to be important for the growth, metamorphosis 
and subsequent abundance of the dominant copepod and euphausiid 
taxa. (Campbell et al., 2016; Coyle et al., 2011; Eisner et al., 2020; Hunt 
et al., 2011, 2022; Kimmel et al., 2018). Observations from the Bering 
Sea show that the dominant middle shelf euphausiid, Thysanoessa 
raschii, forages on under-ice algae in spring (Lessard et al., 2010; 
Campbell et al., 2016). Additional evidence from the Barents Sea shows 
that T. raschii populations expand in cold periods and decline in warm 
periods (Drobysheva, 1994). 

EBS jellyfish populations have fluctuated dramatically during the 
last four decades. A steep increase in jellyfish biomass was documented 
over the EBS shelf throughout the 1990 s (Brodeur et al., 2002). Biomass 
peaked in summer 2000 and then declined precipitously, stabilizing at a 
low to moderate level during 2001–2008 (Decker et al., 2014). The onset 
of the biomass increases during the 1990 s and the decline in 2000 
coincided with transitions between climatic regimes: from a period of 
high interannual variability in sea ice extent and temperature to a period 
of consistently low penetration of sea ice coverage in the southeast and 
warm temperatures (Brodeur et al., 2008a). Jellyfish biomass on the EBS 
shelf exhibited a second steep increase beginning in 2009 to a second 
period of high biomass, which peaked in 2011–2012 (Decker et al., 
2014). 

Our previous investigations of a 27-year time series examined re-
lationships between EBS jellyfish biomass and temperature, ice cover, 
atmospheric variables, current patterns, zooplankton biomass and 
associated fish biomass using Generalized Additive Models (GAM, Bro-
deur et al., 2008a). These analyses indicated that jellyfish increases 
during 1982–2004 were influenced regionally (northwest vs southeast) 
by interacting variables such as sea ice cover, sea surface temperature, 
currents, wind mixing, and food availability. In this paper, we use an 
updated time series, which included 13 additional years of environ-
mental conditions and jellyfish biomass and spanned the period 
1982–2017, to examine whether GAMs using solely physical parameters 
can accurately describe recent trends in Bering Sea jellyfish biomass. We 
focus on the use of physical parameters because they become available 
to researchers more quickly than biological data and thus, could be used 
to predict future levels of jellyfish biomass. 

2. Material and methods 

2.1. Jellyfish biomass and study regions 

Jellyfish biomass data were obtained from annual quantitative bot-
tom trawl surveys of the EBS shelf conducted by the NOAA Alaska 
Fisheries Science Center (AFSC). Collections were made at each of 356 
stations arranged in a grid (36 km × 36 km) during daylight hours from 
June through August of each year by the Resource Assessment and 
Conservation Engineering (RACE) Division of the AFSC (Brodeur et al., 
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1999; Brodeur et al., 2002; Brodeur et al., 2008a; Decker et al., 2014). 
The trawl which had a 26.5 m headrope and 34.1 m footrope with 
graded mesh (10 cm at the mouth to 3.8 cm in the codend) was towed on 
the bottom for 30 min at 5.4 km h− 1 (Lauth et al., 2019). The net height 
was approximately 2.5 m above the bottom when fishing but the trawl 
remained open and fished throughout the period of deployment and 
recovery. Since many jellyfish in the EBS are distributed in the water 
column (30–40 m mean depth; Brodeur, 1998; Brodeur et al., 2002) 
above the headrope of the trawl the biomass measurements presented 
here are considered an index of relative abundance that is comparable 
among stations and years The RACE survey indicates that most of the 
EBS jellyfish biomass (>85 %) consists of one scyphozoan species, 
Chrysaora melanaster (Brodeur et al., 2002; Decker et al., 2014). The 
remaining portion of the catch is comprised of the following species: 
Aequorea sp., Aurelia sp., Cyanea capillata, Phacellophora camtschatica, 
and Staurophora mertensi. Catches of all large jellyfish species are 
weighed, combined and standardized to catch per unit effort (CPUE in 
kg ha− 1, where 1 ha = 10,000 m2; see Brodeur et al., 1999, for details). 
For our analyses, survey strata areas 10, 31, 32, and 50 were combined 
to create the southeast (SE) Middle Shelf area and strata 20, 41, 42, 43, 
61, 62, 82, and 90 were combined to create the northwest NW Middle 
Shelf area (Lauth et al., 2019; Brodeur et al., 2008a; Fig. 1). 

To generate visualizations of jellyfish CPUE through time, we 
interpolated abundance between sampling locations. Specifically, we 
estimated the best fit model (matern, spherical, or gaussian) describing 
spatial autocorrelation within each sample time period, and then used 
kriging to interpolate between observed values (Gräler et al., 2016). We 
developed kriged maps for the observed regimes including high biomass 
periods, low biomass periods and transition periods. 

2.2. Generalized Additive modeling 

Brodeur et al. (2008a) examined interannual trends in jellyfish 
biomass for the period 1982–2004. They determined the environmental 
correlates associated with jellyfish population fluctuations using GAMs, 
a form of non-linear regression, in which nonparametric smooth func-
tions are determined from the data (Hastie and Tibshirani, 1990; Wood, 

2004; Wood, 2006). Brodeur et al. (2008a) constructed separate models 
for the southeast (SE) and northwest (NW) portions of the RACE bottom 
trawl surveyusing log jellyfish CPUE as the dependent variable and 
physical and biological parameters as the covariates. Other biophysical 
parameters were originally considered in the Brodeur et al. (2008a) 
analyses (e.g., wind stress, ice retreat, forage fish biomass), but they 
were not significant covariates in the 1982–2004 models. To be as 
consistent as possible with our earlier models, these parameters were not 
included in current analyses of the 1982–2017 data. While the jellyfish 
and physical data are available to the present date, some biological 
model covariates included in the Brodeur et al. (2008a) analysis, e.g., 
zooplankton biomass, were not available beyond 2009 due to a lack of 
comparable sampling (D. Kimmel, AFSC, Seattle, pers. comm.). For this 
reason, we included only readily available physical parameters and 
lagged jellyfish biomass (Table 1) in our current models so that we could 
examine covariates associated with the jellyfish biomass changes to 
2017. 

Using updated environmental data for the period 1982–2017 
(Table 1), we reran the GAM analyses of Brodeur et al. (2008a) to 
determine the set of covariates that best explain the variance in jellyfish 
biomass on the southeast and northwest regions of the Bering Sea middle 
shelf. We used a forward stepwise selection strategy, limiting the de-
grees of freedom of each term to four. Variables were dropped if addition 
of subsequent variables resulted in an increase of the model Generalized 
Cross Validation (GCV), which is a measure of the model prediction 
error. We simplified our new models for the entire period 1982–2017 by 
identifying collinear predictors. A variance inflation factor (VIF) was 
calculated for each covariate. The terms with the highest VIFs were 
sequentially dropped until all parameters in the models fell below a VIF 
threshold value of 2.0 (HighstatLibV10.R, Highland Statistics ltd, 2020) 
in the R 3.5.3 software (Zuur et al., 2009). 

To evaluate the relative contribution of each additive term included 
in the final GAM to the overall predictions, we obtained term- 
predictions over the entire time series. Term predictions are expressed 
as anomalies (i.e., deviations from the mean), resulting from the 
contribution of each covariate, given the value of the examined covar-
iate at the target time point. To evaluate residual temporal correlation, 

Fig. 1. Trend in jellyfish biomass from standardized bottom trawl surveys in the Bering Sea since 1975. Shown are the estimated total biomass (solid line) and 
subsets for the Southeast (SE, long dashed line) and Northwest, (NW, short dashed line) Middle Shelf Domains. The inset shows the sampling areas on the Bering 
Sea shelf. 
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we used the pacf function in R. Finally, once we performed variable 
selection and model diagnostics, we simulated the entire time series of 
jellyfish biomass (log-transformed), based on the observed value of the 
covariates retained in the final model. 

3. Results 

The EBS bottom trawl survey indicates that EBS jellyfish populations 
have fluctuated widely over the last four decades; biomass reached a 
peak in 2000, declined rapidly to low levels during 2001–2005, a warm 
period (Hunt et al., 2022) and increased about eightfold to high levels in 
2009–2014 (Fig. 1), a cold period (Hunt et al., 2022). With the return of 
warm conditions on the shelf beginning in 2015, jellyfish biomass 
declined once again to low levels (Fig. 1). Overall, the linear trend in 
jellyfish biomass showed a slight, but significant increase during the 
period 1979–2017 in both the SE (slope = 0.06, t = 4.15, p = 0.0002) 
and NW (slope = 0.10, t = 5.33, p < 0.0001) regions of the EBS. 

The bottom trawl survey indicates that high jellyfish biomass levels 
occurred consistently in the southeastern survey region along the Alaska 

Peninsula (Fig. 2). A second center of aggregation was located north of 
the Pribilof Islands to the west of St. Matthew Island at the northern 
extent of the survey (Fig. 2). Prior to 1991, EBS jellyfish biomass was 
distributed primarily in the southeastern portion of the survey (Fig. 2, 
Brodeur et al., 2008aLiu et al., 2011). 

In the unconstrained models, SE jellyfish biomass in the preceding 
year was the strongest predictor of SE jellyfish biomass anomalies in the 
GAM analysis (Table S1). The following physical conditions also 
significantly contributed to the variation of jellyfish biomass: ice retreat, 
spring SE sea-surface temperature, wind mixing in May, wind mixing in 
Jun - Jul, wind stress in May - Jun, wind stress in Nov - Apr and current 
displacement (Fig. S1). The resulting SE model fit the data well (Radj

2 =

0.86, deviance explained = 92.3 %, GCV = 0.18, n = 36, Fig. S3). 
Similarly, NW jellyfish biomass in the preceding year was the 

strongest predictor of NW jellyfish biomass anomalies in the uncon-
strained GAM analysis (Table S1) and with the following unconstrained 
physical conditions: summer and spring sea-surface temperature in the 
NW, ice cover, wind stress in Nov - Apr and current displacement (i.e., 
drifter displacement from the center of the NW jellyfish distribution) 
(Table S1, Fig. S2). The unconstrained NW model also fit the data well 
(Radj

2 = 0.79, deviance explained = 86.4 %, GCV = 0.86, n = 36, Fig. S3). 
The unconstrained GAM analysis revealed that the relationships 

among jellyfish biomass and the environmental covariates were some-
what similar to those described by Brodeur et al. (2008a) (Figs. S1 and 
S2). We compared the contribution of each term included in the repar-
ameterized model to the hindcasted value of jellyfish biomass (Fig. S4). 
The high jellyfish anomaly values estimated for both the SE and NW 
survey areas in 2009–2014 (Figs. S1 and S2) were mostly due to the 
positive effects of sea ice cover in the region (Fig. S4). 

A Variance Inflation Factor analysis indicated that for the SE model, 
spring and summer temperatures (i.e., sesprtemp, sesumtemp), and ice 
conditions (i.e., icecover and iceretreat) exhibited multicollinearity with 
other variables remaining in the model. Similarly, for the NW model, 
springtime water temperature (i.e., nwsprtemp) and ice conditions (i.e., 
icecover and iceretreat) were correlated. Thus, these variables were 
omitted from our constrained analyses, resulting in the following 
simplified models for the SE and NW regions, respectively: 

log(sejellybiom) ~ s(log(sebiomlag)) + s(wstressmj) + s(wmixmay) 
+ s(wmixjj) + s(current). 

log(nwjellybiom) ~ s(log(nwbiomlag)) + s(nwsumtemp) + s 
(current). 

The GAM analysis on the constrained covariates (Table 2) deter-
mined that the SE jellyfish biomass in the preceding year caused the 
greatest variation of SE jellyfish biomass anomalies, and with the 
following physical conditions: wind mixing in May, wind mixing in Jun- 
Jul, wind stress in May - Jun, and current displacement (i.e., current, 
drifter displacement from the center of the SE jellyfish distribution) 
(Fig. 3). The resulting SE model had a high explained variance and fit the 
data without any specific pattern in the residuals (Radj

2 = 0.71, deviance 
explained = 78.2 %, GCV = 0.288, n = 36, Figs. 3, 4). 

The NW jellyfish biomass in the preceding year caused the greatest 
variation in jellyfish biomass in the NW region, and with the following 
constrained physical conditions: summer sea-surface temperature in the 
NW, and current displacement (Table 2, Fig. 4). The constrained NW 
model also had a high explained variance and fit the data without any 
specific pattern in the residuals (Radj

2 = 0.68, deviance explained = 73.5 
%, GCV = 1.01, n = 36, Figs. 4, 5). 

These constrained GAMs estimating jellyfish biomass for the period 
1982–2017 explained 78.2 % and 73.5 % of the time series variance for 
the southeast and northwest jellyfish models, respectively. The resulting 
models fit the data well (southeast Radj

2 = 0.71, n = 36, northwest Radj
2 =

0.68, n = 36, Fig. 4). We assessed the contribution of high jellyfish 
anomaly values estimated for the southeast and northwest regions 
during the recent biomass peak (i.e., 2009–2012, Fig. 4) and found that 
they were mostly due to the positive effect of the lag of the jellyfish 
biomass (Fig. 6). In addition, wind mixing in Jun - Jul was an important 

Table 1 
Model parameters used in Generalized Additive Modeling (GAM) analysis and 
descriptions, modified from Brodeur et al. (2008a).  

Variable name Description and source 

current Distance (km) of the ending position from the center of the 
NW jellyfish aggregation (assumed to be 60◦N, 172◦W) that 
Ocean Surface CURrents Simulation (OSCURS) model drifters 
launched from the Unimak area (55oN 165oW) traveled from 
simulated launch (February 1) to retrieval (May 31). Drifters 
ending south of the launch site were given negative values. 
From: https://oceanview.pfeg.noaa.gov/oscurs/. 

icecover Ice cover index constructed from a combination of ice-related 
parameters from multiple sources from Bering Sea Climate 
website which corresponds with the atmospheric forcing in 
winter and appears to be the primary factor controlling cold 
pool extent in summer. 

iceretreat The day of ice retreat is defined as the number of days after 15 
March for which sea ice coverage in the area 56–58◦N, 
163–165◦W exceeds 10 %.The date of ice retreat is most 
sensitive to wind forcing in spring, and primarily impacts the 
nature and timing of the spring phytoplankton bloom on the 
shelf  
(Hunt and Stabeno, 2002). 

sebiomlag, 
nwbiomlag 

Catch per unit effort (CPUE) of jellyfish from quantitative 
bottom trawl surveys of the eastern Bering Sea conducted by 
the Alaska Fisheries Science Center (AFSC). Standardized 
jellyfish biomass (kg ha− 1) calculated for the southeast and 
northwest regions of the Middle Shelf Domain, lagged by 1 
year. 

sesprtemp Mean March-April-May sea-surface temperature at 57◦N, 
164◦W (southeast region) derived from a National Centers for 
Environmental Prediction (NCEP) reanalysis. When ice is 
present, values represent the estimated temperature of the ice 
surface. 

sesumtemp Mean June-July-August sea-surface temperature at 57◦N, 
164◦W (southeast region) derived from a NCEP reanalysis. 

nwsprtemp March–May sea-surface temperature at 59◦N, 171◦W 
(northwest region) derived from a National Centers for 
Environmental Prediction (NCEP) reanalysis. When ice is 
present, values represent the estimated temperature of the ice 
surface. 

nwsumtemp June-August sea-surface temperature at 59◦N, 171◦W 
(northwest region) derived from a NCEP reanalysis. 

wmixjj Wind mixing indices represent the average value of friction 
velocity u3 for the period June–July at NOAA Mooring 2 
(57◦N, 164◦W). 

wmixmay Wind mixing indices represents the average value of friction 
velocity u3 for the period 1–31 May near St. Paul Island 
(57.1◦N, 170.2◦W). 

wstressmj The along-peninsula component of the wind stress (N m− 2) at 
Unimak Pass (54◦N, 165◦W) for the period May–June. 

wstressna The along-peninsula component of the wind stress (N m− 2) at 
Unimak Pass (54◦N, 165◦W) for the period November–April.  
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covariate in the southeast model, particularly in the peak biomass year 
of 2011, and current displacement was a large contributor in the 
northwest model (Fig. 6). 

The residuals of the resulting NW and SE models did not show any 
pattern of temporal autocorrelation, indicating that the intervening set 
of model covariates sufficiently addresses the observed temporal auto-
correlation of the raw data. We did not check for spatial autocorrelation 
of the model residuals between the NW and SE regions because the two 
time series models were run independently of each other. 

4. Discussion 

Our examination of an additional 13 years of Eastern Bering Sea 

jellyfish biomass surveys has demonstrated that jellyfish there continue 
to show fluctuations in biomass with a quasi-decadal cyclical pattern, 
resulting in a severalfold difference between the peak and low jellyfish 
abundance periods, and a northward shift in distribution. Although we 
found a slight increasing trend in biomass for the 1979–2017 period, this 
was most likely driven by the consistent period of low jellyfish biomass 
encountered at the start of this survey. Our constrained GAM analyses 
revealed that in both the SE and the NW Regions of the EBS, the greatest 
variation of jellyfish biomass anomalies was explained by jellyfish 
biomass in the preceding year. Additionally, in the SE Region abiotic 
conditions in spring (i.e., wind mixing, wind stress and current 
displacement), and summer (wind mixing) were important. In the NW 
region, summer sea-surface temperatures, and current displacement 

Fig. 2. (A) Study area and place names. The spatial distribution of jellyfish biomass (kg ha− 1) on the eastern Bering Sea shelf during the summer bottom trawl 
surveys, in (B)1982–1990, (C) 1991–2000, (D) 2001–2007, (E) 2008–2015, (F) 2016–2017. Contour lines indicate bathymetry (i.e., 50 m, 100 m and 200 m), dots 
indicate sampling locations and solid black lines bisecting the shelf indicate the division between the southeast and northwest regions. 
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were the most important physical variables, indicating that physical 
drivers of jellyfish biomass in the two regions differ. 

The similarities between our modeling results and those of Brodeur 
et al. (2008a) suggest that the physical factors that control the 
explainable variance of jellyfish biomass have not changed in recent 
years, despite changes in environmental regimes. With a few exceptions 
(i.e., inclusion of additional wind variables and the omission of May sea- 
surface temperature in the southeast model) and the exclusion of 
collinear variables (i.e., temperature, ice), the terms in the updated 
models were the same physical variables that were found for the shorter 
time series of jellyfish biomass (1982–2004, Brodeur et al., 2008a). 

The Eastern Bering Sea is a notable example of a system that expe-
riences low-frequency temporal oscillations in jellyfish biomass 
depending on variations in environmental conditions (Condon et al., 
2012; Condon et al., 2013). The increases occurring in colder periods 
with extensive sea ice and the reductions during extended warm periods 
with little sea ice and are likely tied to the availability of large crusta-
cean zooplankton on which the jellyfish forage (see below). Within the 
present time series, it is apparent that once jellyfish populations are 

Table 2 
Results from all constrained models fitted in the GAM analysis of the southeast 
(SE) and northwest (NW) jellyfish biomass in the Bering Sea. The degrees of 
freedom of each term were limited to 4. Bold models are those with the lowest 
generalized cross validation (GCV). Also shown is the percentage deviance 
explained (Dev.) for each model.  

Region, terms Dev. GCV 

SE   
sebiomlag, wstressmj, wmixmay, wmixjj, current  78.2 0.288 
sebiomlag, wmixmay, wmixjj, current  78.3 0.302 
sebiomlag, wmixmay, wmixjj  67.3 0.294 
sebiomlag, nwsprtemp  64.1 0.291 
NW   
nwbiomlag, nwsumtemp, wstressna, wstressmj, wmixmay, wmixjj, 

current 
77.4 1.228 

nwbiomlag, nwsumtemp, wstressna, wstressmj, wmixjj, current 77.4 1.137 
nwbiomlag, nwsumtemp, wstressmj, wmixjj, current 75.5 1.090 
nwbiomlag, nwsumtemp, wstressmj, current 74.8 1.026 
nwbiomlag, nwsumtemp, current 73.5 1.005 
nwbiomlag, current 64.7 1.129  

Fig. 3. Additive effects of the significant covariates included in the simplified southeast jellyfish biomass model (correlated variables dropped). Grey areas indicate 
95% confidence limits. Axis labels are variable names, which are defined in Table 1. 
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severely reduced, it takes a series of years with favorable conditions for 
their populations to rebound. 

The horizontal spatial distribution of jellyfish biomass also has also 
not been consistent since the start of the survey in 1982. After 1990, an 
increased proportion of jellyfish biomass was found in the northern 

portion of the bottom trawl survey area, which contributed to two 
distinct centers of distribution, i.e., one in the southeastern portion of 
the survey and one to the northwest near St. Matthew Island (Brodeur 
et al., 2008a; Liu et al., 2011, Fig. 2). Recent surveys of the northern 
Bering Sea indicate a large (400 %) increase in jellyfish biomass in 2017, 

Fig. 4. GAM results (correlated variables dropped) for the two regions of the eastern Bering Sea shelf showing observed (dots) and hindcasted (solid line) jellyfish 
biomass CPUE (ln[kg ha− 1]) for the southeast middle shelf (top) and northwest middle shelf (bottom). Grey areas are the 95% confidence limits of the model fit. 

Fig. 5. Additive effects of the significant covariates included in the simplified northwest jellyfish biomass model (correlated variables dropped). Grey areas indicate 
95% confidence limits. Axis labels are variable names, which are defined in Table 1. 
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a warm year, in comparison to 2010, a cool year (Lauth et al. 2019, 
Stevenson and Lauth, 2019). Thus, in some warm years, it is likely that 
the standard survey area has not encompassed the entire distribution of 
the jellyfish due to a northward shift beyond the northernmost latitude 
sampled. 

Our previous analyses (Brodeur et al., 2008a) suggest that cold pe-
riods of high zooplankton biomass, when large copepod species pre-
dominate, contribute to favorable conditions for EBS jellyfish, whereas 
jellyfish are not favored in warm periods when smaller crustacean spe-
cies predominate. Populations of large Calanus spp. on the eastern 
Bering Sea shelf remained at low to intermediate levels during the 
period when interannual variability in temperature and sea ice domi-
nated, such as during 1995–99 (Stabeno et al., 2012a). By contrast, se-
ries of consecutive years with warm conditions and early ice retreat, 
such as, that which occurred in 2001–2005, appears to have been 
detrimental to the large, crustacean zooplankton (Eisner et al., 2014). 

Specifically, Calanus spp. and the shelf euphausiid T. raschii were scarce 
during this period and this was related to the lack of sea ice or elevated 
water temperatures and unusually strong summer stratification of 
Middle Domain waters (Coyle et al., 2008; Hunt et al., 2008). 

It is notable that wind mixing in May is negatively related to the SE 
biomass, but wind mixing in June-July is positively related. We suggest 
that enhanced wind mixing in May results in a reduced spring bloom 
(Sambrotto et al., 1986; Saitoh et al., 2002), while, conversely, more 
wind mixing in June-July could result in greater primary production 
once the water column becomes stratified (Stabeno et al., 2001; Stabeno 
et al. 2010), and thus, ultimately providing more phytoplankton for the 
large copepods. Eisner et al. (2016) have shown the correspondence 
between wind mixing and late summer primary production and how this 
relates to increased abundance of copepods in late summer. The positive 
response of the SE biomass to current values that are both large (i.e., 
drifters that ended well to the south of the NW jellyfish aggregation) and 

Fig. 6. Jellyfish biomass partial effect over the predicted mean in the southeast (top panel) and northwest (bottom panel) regions of the Bering Sea shelf during 
1982–2017. The partial effect of each covariate can be positive or negative, depending on the value of the covariate. For the SE Jellyfish biomass (bottom panel) in 
1982 for example, wmixjj had a positive effect of 0.3 units, meaning that it was positively contributing to the jellyfish biomass. However, the remaining covariates, 
and especially the lagged SE jellyfish biomass all had a negative effect, with cumulative impacts summing to about − 1.8, which exceeded the positive effect caused by 
the wind mixing. Thus, the overall biomass of jellyfish in 1982 was below the mean value by about − 1.5 units (on a log scale). The hindcasted mean value of jellyfish 
was 3.63 ln[kg ha− 1] in the southeast region and 2.59 ln[kg ha− 1] in the northwest region. The color-coding of the bars represents the contribution to the overall 
anomaly value of each term included in the simplified southeast jellyfish model (see Table 1 for variable descriptions). 
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negative (i.e., drifters were displaced to the south of the launch site; 
Table 1) may represent reduced displacement of jellyfish from their 
likely benthic sources along the Alaska Peninsula, resulting in retention 
of jellyfish in the SE region. We interpret the inverse relationship be-
tween the NW biomass and current to indicate that when displacement 
along the shelf is low, jellyfish are retained in the NW region. 

The physical covariates included in the constrained models of jelly-
fish biomass may not be mechanistic drivers of jellyfish biomass, but 
instead may be proxies for the regional influence of climate that is 
known to affect the EBS ecosystem. Atmospheric forcing is the primary 
driver of sea ice dynamics in the Bering Sea (Stabeno et al., 2012a). Sea 
ice cover affects water temperature as well as the presence of ice- 
associated phytoplankton blooms (Sigler et al., 2014), both of which 
influence secondary production and zooplankton community composi-
tion on the shelf (Eisner et al., 2018). 

Recent ecosystem studies indicate that with cooling during 
2006–2014, populations of large, lipid-rich crustacean zooplankton (i.e., 
Calanus spp. and euphausiids) have increased (Coyle et al., 2011; Hunt 
et al., 2011; Ressler et al., 2012; Stabeno et al., 2012a; Eisner et al., 
2018). Large zooplankton species may provide the secondary produc-
tion necessary for an increase in jellyfish populations. Chrysaora spp. are 
known to ingest copepods and the eggs and early life stages of eu-
phausiids among other prey (Brodeur et al., 2002; Suchman et al., 2008; 
Ruzicka et al., 2012; Ruzicka et al., 2020). A period of high biomass of 
large copepods began in 2008 (Eisner et al. 2020), which preceded the 
start of the second peak in jellyfish biomass in 2009 by one year (Fig. 1). 
During cool periods (e.g., 2007–2013, Stabeno et al. 2017), jellyfish may 
be responding to the increase in large zooplankton, such as Calanus spp. 
and euphausiids, or to some factor(s) that covary with this increase 
(Hunt et al., 2011). 

Both T. raschii and Calanus spp. store lipids to carry them through 
winter in near-bottom shelf waters (Falk-Petersen et al., 2000; Coyle 
et al., 2011). After several years with little ice and warm summers, these 
bottom waters warm from − 1.5 ◦C to 3–4 ◦C, which increases the 
metabolism of overwintering zooplankton and may challenge their 
ability to have sufficient lipid reserves the following winter/spring to 
produce a strong cohort (Coyle et al., 2011; Hunt et al., 2011; Sigler 
et al., 2016). Extended periods with warm years with little sea ice, such 
as occurred in 2001–2005 and 2014–2016, result in low populations of 
Calanus spp., and T. raschii, whereas moderately cold (2006) and 
extremely cold years (2007–2010) result in increasing abundances of 
these large, lipid-rich crustacean zooplankton (Coyle et al., 2011; Hunt 
et al., 2011; Hunt et al., 2018; Ressler et al., 2012). Year-class strength of 
walleye pollock (Gadus chalcogrammus), the dominant pelagic fish in the 
EBS, has also been shown to be related to sea ice extent and duration in 
spring (Hunt et al., 2022). 

The late winter/early spring period may be a critical bottleneck for 
jellyfish production with favorable conditions leading to higher pro-
duction and survival of early life stages. Ephyra (i.e., juvenile medusa) 
production and growth increase when scyphozoan polyps are experi-
mentally provided with more food (Ishii and Watanabe, 2003; Wang and 
Li, 2015; Wang et al., 2015b; Hubot et al., 2017), suggesting that 
increased prey availability could stimulate a rapid increase in jellyfish 
populations. In addition, scyphozoan polyps, which ensure the long- 
term persistence of jellyfish populations during periods of unfavorable 
environmental conditions (Lucas et al., 2012), increase their rates of 
asexual reproduction in response to prey availability, though responses 
are species-specific (Hubot et al., 2017). Direct studies on C. melanaster 
polyps have not been conducted to our knowledge, however, it appears 
that this dominant jellyfish species in the EBS is responding to changes 
in food availability during warm and cold periods, thereby responding 
indirectly to changes in physical conditions via their crustacean 
zooplankton prey. Thus, jellyfish may be an important indicator of 
ecosystem changes in the eastern Bering Sea. 

The bifurcating flow through Unimak Pass, which travels more 
strongly to the northwest along the 100 m isobath in winter and more 

strongly eastward along the Alaska Peninsula in summer (Stabeno et al., 
2002), may be, in part, responsible for the observed spatial patterns of 
jellyfish in the survey area. The benthic, overwintering phase of the 
jellyfish life cycle (polyps) require hard substrates to settle upon, which 
are scarce on the EBS shelf. We suggest that benthic jellyfish polyps, 
likely located along the rocky shorelines of Unimak Pass and the Alaska 
Peninsula, release juvenile medusae, which would be advected eastward 
along the Alaska Peninsula and on the middle shelf to the northwest by 
the predominant flow patterns. This explanation is supported by Huo 
et al. (2021) who found distinct horizontal distribution patterns of 
C. melanaster related to the deep-water intrusion from Bering Canyon 
that influenced coastal circulation patterns in the region. The source of 
medusae for the northern aggregation may be the rocky subtidal coast of 
the Pribilof Islands, and the northwestern flow along the shelf in this 
region may contribute to the observed spatial pattern of jellyfish to the 
north. Drift simulations are in agreement with these hypotheses (Decker 
et al., 2013). However, it is not known how climate change and large- 
scale ocean variability will influence these locations where medusa 
sources are likely to occur in the EBS, and how such changes will affect 
the cross-shelf advection and retention of C. melanaster. 

Although a number of physical parameters were related to the 
variability of Chrysaora biomass in both regions, the biomass in the 
previous year’s survey was a strong predictor of biomass in a given year, 
especially in the NW region (Fig. 6). The cause of this correlation is not 
discernable from our surveys which take place only once a year in 
summer. One hypothesis is that although most large scyphomedusae are 
considered an annual species, occurring in the pelagic zone only from 
spring through early winter, it is possible that some members of the 
population may overwinter and contribute to the following year 
biomass. Large adult C. melanaster were observed at the ice edge in the 
southern Bering Sea (i.e., near moorings M2 and M4, (Brodeur et al., 
2008a) and below sea ice in the Chukchi Sea, situated just north of the 
Bering Sea, during May and June in several years (Purcell et al., 2017). 
However, due to the prevailing currents in this region, it is unlikely that 
a large number of adults would be retained in this region of the southern 
Bering Sea for over a year. Almost all the adults collected during our 
surveys fall within a limited size range and we do not see a pronounced 
bimodal distribution in the population during the late summer (Brodeur, 
1998; Brodeur et al., 2002). We suggest instead that the high population 
correlation between years likely results from high numbers of adults 
producing many planulae, which settle as benthic scyphistoma, and then 
strobilate to produce high numbers of the free-swimming ephyra stage 
the following spring, with the inverse happening during low abundance 
periods. Only during the transition years between the high and low 
abundance levels (i.e., rapid increases or declines in abundance), does 
the physical forcing apparently override this recruitment mechanism. 

Jellyfish are important zooplankton consumers and have the poten-
tial to restructure food webs when their abundance is high (Condon 
et al., 2011). Jellyfish and forage fish distributions often overlap (Bro-
deur et al., 2008b; Decker et al., 2018) and thus jellyfish can negatively 
impact fisheries because they compete with zooplanktivorous fish 
(Schnedler-Meyer et al., 2016; Opdal et al., 2019), feed on early life 
stages of fish, and divert lower trophic level production away from 
upper trophic levels (Purcell and Sturdevant, 2001; Lynam et al., 2005a; 
Lynam et al., 2005b; Brodeur et al., 2008b; Brodeur et al., 2011; Rob-
inson et al., 2015; Ruzicka et al., 2020). Gelatinous zooplankton can 
substantially alter the carbon cycle in systems where they are abundant 
(Condon et al., 2011). 

5. Conclusions 

An important conclusion from our work is that increasing ocean 
temperatures associated with climate change may not necessarily lead to 
a higher biomass of jellyfish in all ecosystems (e.g., Long et al., 2021), 
and that a suite of physical and biological factors may be responsible for 
changes in jellyfish populations observed in the world’s oceans (Mills, 
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2001; Purcell, 2005; Purcell et al., 2007; Richardson et al., 2009). 
Laboratory studies of temperate Chrysaora congeners have shown 
increased asexual reproduction at warm temperatures (e.g., Thein et al., 
2013; Treible and Condon, 2019). However, our results indicate that the 
links between climate and jellyfish biomass are complex, probably 
involving direct effects on the production, survival and dispersal of all 
jellyfish life stages (i.e., medusae, polyps, ephyrae, and planulae), as 
well as the indirect effects of climate on the production and availability 
of jellyfish prey. 

Our updated models hindcast levels of jellyfish biomass during 
2005–2017 in the two geographic regions with high degrees of accuracy. 
These results provide some confidence that our models have value as 
tools to predict future levels of jellyfish biomass. Furthermore, it is 
promising that our models predict jellyfish biomass without biological 
parameters, other than the lag of jellyfish biomass. In comparison to 
physical parameters, which become available to researchers quickly, 
zooplankton samples can take years to process. Models that include only 
physical predictors can be used when biological sampling cannot be 
conducted. However, recent unprecedented warm temperatures on the 
Eastern Bering Sea shelf and negligible winter sea ice extent well beyond 
the historical record (Duffy-Anderson et al., 2017, Duffy-Anderson et al., 
2019, Huntington et al., 2020) may pose a challenge for future extrap-
olations of our model. Indeed, recent observations of jellyfish biomass 
from the bottom trawl survey (Britt, 2021) indicate both high (2019) 
and low (2021) jellyfish biomass levels despite elevated temperatures 
throughout this period. Jellyfish, due to their short lifespan and ability 
to respond quickly to changing ocean conditions (Richardson et al., 
2009), may be a key indicator species in this highly productive 
ecosystem. 
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Acha, M., Harvey, M., Arthur, J.M., Graham, W.M., 2013. Recurrent jellyfish blooms 
are a consequence of global oscillations. Proceedings of the National Academy of 
Sciences, 110,1000-1005, doi: 10.1073/pnas.1210920110. 

Condon, R.H., Steinberg, D.K., del Giorgio, P.A., Bouvier, T.C., Bronk, D.A., Graham, W. 
M., Ducklow, H.W., 2011. Jellyfish blooms result in a major microbial respiratory 
sink of carbon in marine systems. Proc. Natl. Acad. Sci. 108, 10225–10230. https:// 
doi.org/10.1073/pnas.1015782108. 

Condon, R.H., Graham, W.H., Duarte, C.M., Pitt, K.A., Lucas, C.H., Haddock, S.H.D., 
Sutherland, K.R., Robinson, K.L., Dawson, M.N., Decker, M.B., Mills, C.E., Purcell, J. 
E., Malej, A., Mianzan, H., Uye, S., Gelcich, S., Madin, L.P., 2012. Questioning the 
rise of gelatinous zooplankton in the world’s oceans. Bioscience 62, 160–169. 
https://doi.org/10.1525/bio.2012.62.2.9. 

Coyle, K.O., Pinchuk, A.I., Eisner, L.B., Napp, J.M., 2008. Zooplankton species 
composition, abundance and biomass on the southeastern Bering Sea shelf during 
summer: the potential role of water column stability in structuring the zooplankton 
community. Deep-Sea Res. II 55, 1775–1791. https://doi.org/10.1016/j. 
dsr2.2008.04.029. 

Coyle, K.O., Eisner, L.B., Mueter, F.J., Pinchuk, A.I., Janout, M.A., Cieciel, K.D., Farley, E. 
V., Andrews, A.G., 2011. Climate change in the southeastern Bering Sea: impacts on 
pollock stocks and implications for the Oscillating Control Hypothesis. Fish. 
Oceanogr. 20, 139–156. https://doi.org/10.1111/j.1365-2419.2011.00574.x. 

Daase, M., Falk-Petersen, S., Varpe, Ø., Darnis, G., Søreide, J. E., Wold, A., Leu., E., 
Berge, J., Philippe, B., Fortier, L., 2013. Timing of reproductive events in the marine 
copepod Calanus glacialis: a pan-Arctic perspective. Canadian Journal of Fisheries 
and Aquatic Sciences, 70, 871-884, doi: 10.1139/cjfas-2012-0401. 

Decker, M.B., Cieciel, K., Zavolokin, A., Lauth, R.R., Brodeur, R.D., Coyle, K.O., 2014. 
Population fluctuations of jellyfish in the Bering Sea and their ecological role in this 
productive shelf ecosystem. In: Pitt, K.A., Lucas, C.H. (Eds.), Jellyfish Blooms. 
Springer, Dordrecht, pp. 153-183, doi: 10.1007/978-94-007-7015-7_7. 

Decker, M.B., Liu, H., Ciannelli, L., Ladd, C., Cheng, W., Chan, K.S., 2013. Linking 
changes in eastern Bering Sea jellyfish populations to environmental factors via 
nonlinear time series models. Mar. Ecol. Prog. Ser. 494, 179–189. https://doi.org/ 
10.3354/meps10545. 

Decker, M.B., Robinson, K.L., Dorji, S., Cieciel, K.D., Barceló, C., Ruzicka, J.J., 
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