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ABSTRACT 

High-latitude ecosystems commonly experience large phytoplankton blooms in spring, which 

provide basal resources for a range of grazers including zooplankton, benthic consumers and 

fishes. Variation of the timing and intensity of the spring phytoplankton bloom influences the 

degree of spatial and temporal overlap with consuming organisms. In the Bering Sea, blooms 

occur in association with ice retreat or as pelagic open-water blooms. In the last few years, the 

Bering Sea shelf experienced unprecedented and widespread warming. Understanding how those 

climatic changes subsequently influenced phytoplankton bloom dynamics is critical for 

evaluating Bering Sea food web responses. We estimate spring bloom timing and type (ice-

associated, open-water) across the Bering Sea shelf using a combination of data from the long-

running oceanographic moorings on the eastern shelf (M2, M4, M5, M8) and satellite ocean 

color data from 1998 to 2022. We assess 1) if the Bering Sea shelf experienced noticeable 

changes in spring bloom timing or type in the last two decades, 2) whether bloom phenology was 

accentuated by the recent warm period (2018-2019), and 3) what influences do winds have on 

spring bloom timing and where are these variables influential? Our spatial analyses reinforce the 

conclusion that ice retreat is the dominant forcing factor of bloom timing for the Bering Sea shelf 

with some influence of wind for open-water blooms. Overall, bloom timing has not shifted 

seasonally with climate warming in the last two decades for most of the Bering Sea shelf, except 

for nearshore areas and mainly in the Northern Bering Sea.  In warm years when ice retreats 
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21 early prior to the last week of March, blooms form in open waters and bloom timing on the  

middle and outer shelf is delayed when wind mixing i s prevalent in ice-free springs.  In recent  

years, open-water blooms  were more widespread than previously experienced, and even occurred 

in the Northern Bering S ea during 2018-2019. A progression to more open water blooms  in a  

future warmer climate will influence the availability of basal resources for pelagic and benthic  

consumers.  

22 

23 

24 

25 

26 

27 

28 1.  Introduction  

Marine  ecosystems in higher latitudes have high seasonality and commonly experience intense  

phytoplankton blooms  in spring  (Ji et  al., 2010; Ji et al., 2013;  Song et al., 2021). Spring  

phytoplankton blooms provide indispensable basal resources for a range of grazers  including  

zooplankton (K immel et al., 2018;  Sigler et al., 2016;  Staudinger et al., 2019), benthic consumers  

(Copeman et al., 2021) a nd fishes  (Friedland et al., 2019; Hunt et al., 2011). The timing and 

intensity of phytoplankton blooms vary due to changing environmental factors  (Ji et al., 2010), 

such as ice retreat, nutrients, light, water temperature, stratification and wind mixing  (Chiswell et  

al., 2015; Stabeno et al., 2012a; Stabeno et al., 2012b). Shifts  in bloom  intensity and phenology 

influence the degree of spatial and temporal overlap with consuming organisms  (Cushing, 1990;  

Ferreira  et al., 2020; Hunt et  al., 2011; Kharouba et  al., 2018), which in turn have propagating  

effects on marine food web structure and function (Chmura et al., 2019; Staudinger et al., 2019).  

Arctic and subarctic ecosystems, including the  Bering S ea, are in transition due to rising  

temperatures and  associated sea-ice loss  (Ballinger and Overland, 2022; Duffy-Anderson et al., 

2019; Mueter et al., 2021). The  eastern Bering S ea shelf is  a highly productive ecosystem  
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(Springer et al., 1996) that extends about 500 km from the Alaska coast to the continental shelf 

break. The shelf gradually slopes, increasing in depth from east to west with a depth of ~180 m 

near the shelf break. The Bering Sea shelf is often divided into several domains encompassing 

the inner (0-50 m bottom depth), middle (50-100 m) and outer shelf (100 - 180 m) and between 

north (> 60 °N) and south (< 60 °N). This division of domains, while somewhat arbitrary, is due 

to differences in oceanographic characteristics (Baker et al., 2020), such as tide strength, 

currents, and nutrients (Stabeno et al., 2012a). The timing of sea-ice retreat is a primary driver of 

spring bloom formation in the northern Bering Sea (Kivva et al., 2020; Stabeno and Bell, 2019) 

as well as in other Arctic and sub-arctic ecosystems (Song et al., 2021; Waga et al., 2021). 

Historically, in the southern Bering Sea, ice-associated blooms occur in cold years with 

extensive ice coverage, while in warm years when ice retreats earlier than mid- to late-March, 

open-water blooms form several weeks after ice retreat (Brown and Arrigo, 2013; Niebauer et 

al., 1995; Sigler et al., 2014). Physically, the stratification associated with an ice edge bloom 

forms when ice melting freshens the sea surface (Niebauer et al., 1995), while open-water 

blooms occur at the onset of temperature induced water column stratification, influenced by a 

combination of increases in solar radiation and relaxation of winds (Ladd and Stabeno, 2012; 

Sambrotto et al., 1986). In the northern Bering and Chukchi seas, ice-associated blooms form 

under the ice or as marginal ice edge blooms that peak shortly after ice retreat (Arrigo et al., 

2014; Waga et al., 2021). However, unusual warming in 2018 and 2019 due to large-scale 

climatological shifts in the region (Ballinger and Overland, 2022; Basyuk and Zuenko, 2020) 

resulted in early ice-retreat (Baker et al., 2020) and thus areas of open-water blooms occurring 

more than three weeks after sea-ice break up in the northern Bering Sea (Kivva et al., 2020). 

Such changing bloom dynamics, both in terms of timing, and whether the bloom forms in 
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association with the ice or in open water, have large-scale effects on nutritional quality and 

distribution of food resources available for benthic and pelagic organisms (Hunt et al., 2011; 

Koch et al., 2020). 

To better understand how the Bering Sea shelf will respond to projected future climate 

scenarios of warmer waters and reduced ice extent, we assess spring phytoplankton bloom 

dynamics across the entire Bering Sea shelf. First, we combine information from the long 

running oceanographic moorings in the eastern Bering Sea (M2, M4, M5, M8, Fig. 1) with 

satellite ocean color data from 1998 to 2022, and compare spring bloom peak timing estimates. 

Next, we address the following three questions: 

1) Has the Bering Sea shelf experienced noticeable changes in phytoplankton spring bloom 

timing and bloom type (ice associated or open water) in the last two decades, and are there 

distinct differences north to south and east to west? 

2) How did the recent warm period (2018-2019) influence bloom dynamics? 

3) Beyond ice retreat timing, how do winds and ocean sea surface temperatures influence spring 

bloom timing and where are these variables most influential across the Bering Sea shelf 

ecosystem? 

If shifts in the phenology or primary driving factors of the spring bloom are occurring in the 

Bering Sea due to warming, it could indicate widespread ecosystem changes that may culminate 

in larger-scale trophic reorganization. 

2. Methods 
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2.1. Data 

Bloom dynamics were assessed from 1998 to 2022 for the Bering Sea shelf (here defined as the 

eastern Bering Sea and Anadyr Bay areas with bottom depth shallower than 180 m, from north of 

the Aleutian Islands to the Bering Strait). We compiled 8-day satellite chlorophyll-a (Chl-a, ug l-

1) at a 4 km-resolution from The Hermes GlobColour website (http://hermes.acri.fr/, Maritorena 

et al., 2010). This is a standardized merged Chl-a product, combining remote sensing data from 

SeaWiFS, MERIS, MODIS, VIIRS and OLCI. Chl-a data covering the Bering Sea shelf region 

(20-180 m, Fig. 1) were binned and averaged into ~0.5° (56 km) latitude × 1° (47 - 65 km) 

longitude grid cells. The size of the grid cells was chosen to include enough satellite pixels to 

assess spatial bloom variation across the shelf. Any individual satellite pixels that had more than 

10% ice cover were excluded from the bloom timing analysis as this can yield highly uncertain 

Chl-a values (Brown & Arrigo 2013). Because data were binned, there were instances where 

Chl-a data were present in a bin, even when average ice concentrations for a bin were above 10 

%. Locations shallower than 20 m bottom depth and near river plumes from the Yukon, 

Kuskowim, and Anadyr rivers also were excluded, following recommendations in Brown et al. 

(2011). Sea surface temperature (SST, C°, 5 km-resolution, 

https://coastwatch.pfeg.noaa.gov/erddap/griddap/NOAA_DHW.html, Skirving et al. (2020)), and 

ice coverage (0-100%, 5 km-resolution, 

https://coastwatch.pfeg.noaa.gov/erddap/griddap/NOAA_DHW.html, Skirving et al. (2020)) data 

were compiled from 1 Jan to 31 July for the years 1998 to 2022 and spatially binned into the 

same grid cells as the Chl-a satellite data. We used wind speed data (m s-1) at 6 h resolution from 

NCEP/NCAR Reanalysis 1 (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.surface.html, 

Kalnay et al. (1996)) at ~ 2° (94 -131 km longitude × 222 km latitude) spatial resolution that 
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were then assigned to the nearest satellite Chl-a grid cells. Wind speeds from the Reanalysis 1 

compare well to independent buoy wind speed measurements including data at M2 (Ladd and 

Bond, 2002), and using a higher than daily resolution works well for capturing sporadic wind 

events. While satellite data provide unique spatio-temporal coverage, these products often have 

missing data due to clouds and ice cover, thus to validate the bloom timing estimates we 

compared the satellite bloom timing estimates to mooring bloom timing estimates (Chl-a derived 

from factory-calibrated fluorescence sensors) at four locations (Fig. 1). We used data from the 

long-term moorings M2 (56.87°N, 164.05°W), M4 (57.90°N, 168.87°W), M5 (59.92°N, 

171.73°W) and M8 (62.19°N, 174.69°W) for the time-period (1998-2022), though gaps were 

present for certain mooring locations and years.  

2.2. Spring bloom timing, ice retreat and wind intensity estimates 

The timing of the peak of the spring bloom was estimated for each year and spatial 

location (satellite grid cell or mooring location). For a given satellite grid cell, Chl-a was natural 

log+1 transformed, hereafter L(Chl-a), and linearly interpolated in time. The spring bloom peak 

was defined as the highest peak of the 8-day curve between day of year 60 (~1 March) and 180 

(~1 July). Spring peak bloom timing was only determined for a grid cell in a given year if the 

peak reached L(Chl-a) values > 0.69, equivalent to a Chl-a value > 1 μg l-1, a threshold value 

that works well for coastal and shelf regions (Dai et al., 2023). In addition, grid cells that had 

temporal gaps in satellite data larger than three 8-day composites were excluded from the 

analysis. Mooring spring bloom peak timing was similarly estimated but using a 8-day running 

L(Chl-a) mean of daily averaged data. Moored fluorescence sensors were deployed during 

summer (early May to late September) and winter (late September to early May) at a water depth 
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of ~10 m. Exceptions were winter data (when then the water column is usually well mixed) from 

the M8 mooring where sensors were deployed at 21-22 m to avoid ice keels. During the spring, 

the bloom is present from surface and below the depth of these moorings, and thus the use of 

sensors at these depths are reliable indicators of the bloom peak (Sigler et al., 2014). 

A categorical variable was used to denote “bloom type” which differentiated between 

open-water blooms (ice retreat occurred equal to or more than 21 days prior to bloom peak) and 

ice-associated blooms (ice retreat occurred less than 21 days prior to bloom peak) for each year 

and location. The threshold value for bloom type of 21 days was used because ice edge blooms 

commonly form within 21 days of ice retreat (Perrette et al., 2011; Sigler et al., 2014). Ice-

associated blooms encompass bloom peaks occurring during ice retreat or within the few first 

weeks after ice retreat. Timing of sea-ice retreat was determined as the date when ice coverage 

remained below 15% based on the 8-day running mean of the daily sea-ice fraction data. We also 

calculated the average percent ice cover from 1 January to the time of ice retreat for each grid 

cell as a measure of ice coverage consistency. 

A wind intensity metric was calculated as a relative metric to assess the influence of 

spring storms that were expected to keep the water column from stratifying and thus delay the 

bloom formation. The wind metric was calculated as the cumulative sum score of all wind speed 

events during April and May at above 10 m s-1 occurring for at least 24 hours. Thus, the wind 

metric scored all wind speeds < 10 m s-1 as 0, winds speeds >15 m s-1 was counted as an upper 

threshold value of 15 m s-1, and all values between 10-15 m s-1 were scored as that specific wind 

speed in m s-1. Note that the wind metric is a relative cumulative metric over a 2-month period. 

In the last two decades the Bering Sea have experienced large scale multiyear environmental 

changes, consisting of an early warm (2001-2005), a cold (2006-2013) and a recent warm period 
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(2014-2021, Stabeno and Bell 2019). In addition, to assessing inter-annual variability of 

temperature variation at each spatial location, we determined the cumulative April-May SST 

anomaly for each grid cell, relative to that grid cells cumulative long-term April-May SST 

average value. 

2.3. Model analyses of factors affecting bloom type and timing 

2.3.1 Bloom type decision tree analysis 

We assessed which factors influence the formation of ice associated or open-water 

blooms, using decision tree analysis to fit a binary classification model on the bloom type 

categories (Breiman et al., 2017). Decisions tree models were fit separately for the Northern (> 

60° N) and Southern Bering (< 60° N) sea, where, 

Bloom type ~ ice retreat timing + wind metric + latitude + bottom depth + cumulative SST 

anomaly (1) 

and bloom type constitutes the predictive target for binary classification and the factors ice 

retreat timing, cumulative wind metric, latitude, cumulative SST anomaly and bottom depth are 

used as classification features. Data for the decision tree analysis was randomly split 70/30 into 

two data sets, a training dataset and a test dataset, respectively. The values of the classification 

features in the training dataset were used to fit a decision tree following recursive partitioning 

scheme, i.e. classification of data by splitting it into subgroups (bloom type) based on a number 

of predictor variables, which terminates once the partitions derived from input data are no longer 

informative. After the model was fit on the training dataset, the out-of-sample performance was 

evaluated by computing the model sensitivity. This was done by applying the fitted model to the 
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test dataset and calculating the true positive rate (which is robust to disproportionate 

representation of either category in the data) of bloom type categories from the corresponding 

confusion matrix (Breiman et al., 2017), which summarizes the number of correct and incorrect 

predictions of bloom type made by the decision tree analysis.  

2.3.2 Generalized additive models (GAMs) 

Bloom timing was analyzed with GAMs to assess how spring bloom peak timing (T) is related to 

ice retreat timing (ice), type of bloom (bloomtype), cumulative April-May wind speed intensity 

(wind), and April-May cumulative SST anomaly (sst). We explored four spatial GAMs with 

different levels of complexity. The first model (Model A), our most basic model explored how 

ice retreat timing influence bloom timing, as ice is a known main driver of bloom timing (Sigler 

et al., 2014). Next (model B), we explored if and how bloom timing is influenced by the factors, 

ice retreat, cumulative SST anomaly and wind speed intensity. The third and fourth GAM 

models, termed spatially-varying coefficient models, explored specifically how the influence of 

ice retreat (model C) and winds (model D) influence bloom timing across space. Note that for 

model D we focused on bloom timing when open water blooms occurred. All models were 

additional fitted with categorical (e.g. bloom type) and random factors (e.g. year) when deemed 

relevant. Each model included a two-dimensional spatial smooth function (g) of latitude (ϕ) and 

longitude (λ), modeled as a tensor product. The effects of single covariates were modeled as thin 

plate regression splines (s), and errors (e) were normally distributed.  

our first model (model A) considered bloom peak timing as a function of ice retreat 

timing and location, with year as categorical random effect: 
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200 𝑇𝑇𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) = 𝑠𝑠1�𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝑔𝑔1 (𝜙𝜙, 𝜆𝜆) + 𝑦𝑦𝑖𝑖𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)  .      (2)  

Next, we constructed the  full model (model B) to explore  if  additional parameters beyond ice  

retreat influenced bloom timing. Because the influence of ice-retreat timing, t he number of storm  

events  and temperature  likely varies depending on whether a bloom is ice-associated or occurs in 

open water, the full model allowed the effects of those variables to differ by bloom type. In this  

formulation, I is an indicator variable distinguishing  open-water  versus ice-associated blooms, 

and bloom type is  included in the model as a factor:  

𝑇𝑇𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) = 𝐼𝐼1𝑠𝑠1�𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝐼𝐼2𝑠𝑠2�𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝐼𝐼1𝑠𝑠3�𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝐼𝐼2𝑠𝑠4�𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 

𝐼𝐼1𝑠𝑠5�𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦 ,(𝜙𝜙,𝜆𝜆)� + 𝐼𝐼2𝑠𝑠6�𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑦𝑦𝑏𝑏𝑖𝑖𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) + 𝑔𝑔1(𝜙𝜙, 𝜆𝜆) + 𝑦𝑦𝑖𝑖𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)   .  (3)  

Model selection using Akaike Information Criterion with correction for sample size (AICc,  

Burnham and Anderson (2002))  revealed  the full model as the most parsimonious  model.  

Using the parsimonious  model  B s tructure,  we  then explored where ice retreat  (model C) 

and cumulative wind speed (model  D)  were most influential across space. This was  investigated  

using spatially-varying coefficient  GAMs, where the effects of ice retreat  timing  or  cumulative  

wind speed were modeled as  linear effects with the slope allowed to vary across space.  

The first spatially-varying coefficient  GAM, model C,  includes a spatially-varying effect  

of ice retreat on bloom timing. Bloom type is  included in the model as a factor:  

𝑇𝑇𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) = 𝑔𝑔1(𝜙𝜙, 𝜆𝜆) + 𝑔𝑔2(𝜙𝜙, 𝜆𝜆) ∗ 𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆) + 𝑠𝑠1�𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝑠𝑠2�𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑦𝑦𝑏𝑏𝑖𝑖𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) + 𝑦𝑦𝑖𝑖𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)  .        (4)  
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219 The second spatially-varying coefficient  GAM, model  D,  includes a spatially-varying effect of 

cumulative  wind speed on bloom timing and was  modeled using only open-water bloom data (ice  

retreat occurred more than 21 days prior to bloom peak):  

𝑇𝑇𝑦𝑦 ,(𝜙𝜙,𝜆𝜆) = 𝑔𝑔1(𝜙𝜙, 𝜆𝜆) + 𝑔𝑔2(𝜙𝜙, 𝜆𝜆) ∗ 𝑤𝑤𝑖𝑖𝑤𝑤𝑤𝑤𝑦𝑦,(𝜙𝜙,𝜆𝜆) + 𝑠𝑠1 �𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝑠𝑠2�𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦,(𝜙𝜙,𝜆𝜆)� + 𝑦𝑦𝑖𝑖𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑖𝑖𝑦𝑦 ,(𝜙𝜙,𝜆𝜆)  

.                   (5)  

All data analyses were performed with the statistical software R 3.6 (R Core Team, 2018) a nd 

associated packages, using  mgcv  (Wood and Wood, 2015) for t he GAM analysis, dplyr  

(Wickham et al., 2019),  ggplot2  (Wickham and Chang, 2009) for s tatistical analysis and plotting, 

and  rpart  (Therneau et al., 2015) for t he decision tree analysis.  
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228 

229 3.  Results  

3.1. S atellite-mooring comparison  

Spring bloom timing from satellite Chl-a  agreed  well  with estimates based on the surface (10-22 

m)  mooring  Chl-a  data from the M2, M4, M5 and M8 moorings (r = 0.75, p < 0.01, Fig. 2A-E). 

Although the bloom timing  estimates  were  highly c orrelated,  there were several years where  

smaller secondary spring peaks were evident in the mooring data, events that  were  not always  

captured by the satellite Chl-a  data.  Such smaller secondary blooms occurred in, for e xample, 

2007, 2011 a nd 2016 at M2  (Fig. S1). For both satellite- and mooring-based estimates  (Fig. 2A-

B), at the southern mooring locations (M2, M4), open-water blooms  generally occurred during  

2001-2005 (except for M4 in 2003) and from 2014 onwards (except for 2017). Ice-associated  

blooms frequently oc curred during 2006-2013, except in 2006, 2009, and 2011 at M2 and in 2007 

at M4 (Fig. 2 A-B). At the northern mooring l ocations (M5, M8), ice-associated blooms occurred 
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during most years (1998-2017), with open-water blooms occurring since 2018 for M5 and in 

2018-2019 for M8 (Fig. 2C-D). 

3.2. Spring bloom timing, ice retreat and cumulative wind intensity 

Satellite estimates for the Bering Sea shelf showed that the bloom peak on average occurred 

earliest in the southeast and then progressed towards the northwest (Fig. 3A). On the southern 

shelf the estimated bloom peak occurred first on the inner shelf, then the middle shelf, and then 

progressing to the outer shelf (Fig. 3A). Bloom timing varied among years and across space (Fig. 

S2), but peak timing generally remained between mid-April to mid-June (a 60-day window) with 

no trend across the time-period. In addition, there was some evidence that warmer temperatures 

affected bloom timing differently offshore versus inshore (Fig. 3B). In inshore areas and in the 

Northern Bering Sea, warmer temperatures were associated with earlier blooms, whereas in a 

few offshore areas warmer temperatures linked to later blooms. Statistically significant 

correlations were present in about one third of the total area most of which was confined to the 

nearshore and primarily in the northern Bering Sea (Fig. 3B). 

Since the start of our satellite time-series (1998 to 2022) the Bering Sea have experienced 

several multi-year cold (2006-2012) and warm periods (2001-2005, 2014-2021, Fig 4A). Periods 

with warmer ocean temperatures experienced earlier ice retreat (Fig 4B) and higher frequencies 

of open water blooms (Fig 4C). The spring bloom generally occurred in two forms: an open-

water bloom, or an ice-associated bloom regulated by the timing of ice retreat (Fig. 4, Fig. 5). In 

rare cases (< 3 %) the bloom was estimated to occur prior to the estimated ice retreat timing 

(diamonds, Fig. 5). In those instances, ice coverage was not consistent throughout spring, as ice 
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would retreat and advance across a location, providing periods of open water where Chl-a 

accumulation could occur (Fig. S3). 

Satellite bloom timing was closely coupled to ice retreat during cold years (Fig. 5B, 

example years 2010-2012); also seen in the mooring analysis (Fig. 2F). In contrast, open-water 

blooms uncoupled from ice retreat occurred more frequently in warm years with early ice retreat 

(Fig. 5A, 2003-2005 example years). During the recent warm period (2018-2020) with early ice 

retreat, large parts of the Bering Sea shelf bloom were uncoupled from ice retreat (Fig. 5C), and 

covered a much larger area than the earlier warm years (2001-2005). During most years (1998-

2016, 2020-2021), the area of open-water blooms was always below 22% on the northern Bering 

Sea shelf (> 60° N). However, the exceptional recent warming resulted in much larger portions 

of the northern shelf being occupied by open-water blooms in 2017 (38%), 2018 (82%), and 

2019 (46%). Ice fraction, a measure of the consistency of ice coverage, also differed between the 

recent warm period (Fig. 5C) and the earlier warm period (Fig. 5A). 

Decisions tree analyses of the satellite estimates for the Bering Sea shelf showed that 

bloom type (either open water or ice associated) was primarily influenced by ice retreat timing. 

For the southern Bering Sea open-water blooms consistently occurred when ice retreat was 

before 30 March (56% of the data), whereas ice-associated blooms consistently occurred when 

ice retreat was after April 23 (33% of total bloom types, Fig. 6A, decision tree classification 

analysis, 89% classification accuracy). Between 30 March and 23 April, bloom type varied with 

bottom depth, with ice-associated blooms occurring in the inner shelf (>55 m, 4 % of the time) 

while open-water blooms occurred on the middle and outer shelf (7 %). In the northern Bering 

Sea (latitude > 60 °N), ice associated blooms occurred if ice was present after 9 May (65 % of 

the data, Fig. 6B, decision tree classification analysis, 87% classification accuracy). Between 16 
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April and 9 May, ice associated blooms occurred in the northern Bering Sea below latitude 65 °N 

(25 %), while open water blooms (2 %) formed between 65 – 65.6 °N (the Bering Strait region). 

Open water blooms occurred if ice retreat was prior to 16 April (8 %). Overall, open water 

blooms were rare in the northern Bering Sea (10 % of all the data). 

Higher cumulative wind speeds during April-May, an indicator of stormier springs, 

significantly delayed bloom occurrence in the southern Bering Sea in both early and recent warm 

years (e.g., 2001-2005, 2018-2020, respectively, Fig. 7), whereas in cold years (e.g., 2010-2012) 

there was no delay due to the wind. In the northern Bering Sea, wind speeds were weakly 

explanatory in both cold and warm periods but with no clear trends (low r2, Fig. S4). 

3.3. Factors affecting bloom timing: GAM analyses 

GAM analyses showed that bloom timing correlated with ice retreat timing and subsequently, the 

bloom is further influenced by additional factors, most notably cumulative winds for open-water 

blooms (Fig. 8). Model A, the GAM including only ice retreat and year as a random effect, 

explained 52 % of the deviance (Deviance explained = 52.0 %, n = 5335), supporting the 

conclusion that ice retreat is a primary regulator of bloom timing. The full GAM (Model B) 

showed that ice retreat, cumulative wind speeds, and cumulative SST anomalies, with bloom 

type and year as random effects, explained significant variation in bloom timing (Deviance 

explained = 60.4%, n = 5335, Fig. 8). Bloom timing was positively associated with ice retreat 

timing for both open-water and ice-associated blooms (Fig. 8A, 8D). Higher cumulative wind 

speeds significantly delayed the open-water bloom (Fig. 8B), but did not significantly influence 

the timing of ice associated blooms (Fig. 8E). The wind effect for open-water blooms was 
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308 minimal for cumulative spring wind speed values below ~  500  m/s,  indicating that bloom timing  

was not delayed when fe w spring storms occurred. Cumulative  SST anomaly was a significant  

term in  the most parsimonious  model  (Fig. 8C, 8F), but the  effect was minor for both ope n-water  

and i ce associated blooms.  

Next, using the spatially-varying coefficient GAMs, we  assessed  the influence of ice  

retreat timing (Model  C) and wind speed (Model  D) a cross the shelf.  Spatially,  ice retreat timing  

(model  C,  Deviance  explained =  58.8 %, n =    5335) was positively correlated with bloom timing  

in the northern Bering S ea (Fig. 9A). In the southern Bering S ea, ice retreat  correlated positively 

with bloom timing on the inner shelf and the shallower part of the middle shelf, but not the outer 

shelf (Fig. 9A). Higher cumulative  wind speeds (model  D) delayed open-water  bloom timing on 

the middle and outer shelf especially in the south (<  60°N) (Fig. 9B,  Deviance  explained =  46.6  

%, n =   2116). In contrast, open-water  bloom timing w as earlier with higher cumulative  wind 

speeds on the inner shelf in a  smaller  region around Nunivak Island, just south of the Bering  

Strait and in the Gulf of Anadyr.  
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323 4.  Discussion  

Our spatial analysis of spring bloom timing for the Bering S ea shelf shows that ice retreat is the  

dominant factor affecting bloom timing, matching conclusions  from past studies  (Brown and 

Arrigo, 2013;  Sigler et al., 2014). The timing of ice retreat dictates bloom timing on the  Bering  

Sea shelf, except when ice retreat occurs early, prior to the end of March, which commonly 

happens in warmer years in the south (< 60 °N) and so far, only rarely in the north (e.g., 2018  

and 2019). During years with early ice retreat, our analyses  show that stronger spring winds  
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335

340

345

350

delay the  open-water  bloom across the southern middle and outer shelf areas. The Bering S ea  

shelf experienced noticeable changes in phytoplankton spring bloom type  between cold and 

warm periods  (Fig. 4C), but  there was no trend in spring bloom timing i n the last two decades. In 

the recent warm years with very low sea-ice coverage (2018 and 2019), open-water blooms  

formed over much larger areas than previously observed, particularly in the northern Bering S ea  

(Stabeno and Bell, 2019;  Stabeno et al., 2012b).   

 

4.1. B loom timing dynamics on the Bering Sea shelf  

Assessing  our f irst objective, if there has been noticeable bloom changes in the past decades,  we  

find t hat blooms  across the Bering S ea  occur inter-annually within 60-da y window (mid-April to 

mid-June), concurring w ith previous satellite  (Brown and Arrigo, 2013) a nd observational  

studies from previous decades  (Niebauer et al., 1995). However, for a given location the  

variation of bloom timing  varied  about 2-4 weeks. Commonly, bl oom formation starts on the  

inner shelf, be fore occurring on the middle and then the  outer shelves. The directional bloom  

progression across the shelf is  most visible in the southern Bering S ea and concurs with previous  

observations on spatial differences in bloom timing (Coachman, 1986; Kivva and Kubryakov, 

2021; Niebauer et al., 1995) t hough observations on inner shelf bloom dynamics are more scarce  

(Stabeno and Hunt, 2002).  

In the northern Bering S ea  (> 60° N) b looms  have  historically been associated with  ice-

retreat  (Stabeno and Bell, 2019). Blooms associated with ice are commonly larger aggregates  

that form as thick under ice blooms  (Arrigo et al., 2014;  Stabeno et  al., 2020), or are associated 

with the ice edge meltwater  during retreat  (Waga et al., 2021). Such bloom dynamics occur 
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352 predominantly in the Pacific, marginal  and central Arctic oceans  (Ji et al., 2013; Song et al., 

2021). Recent observations show that earlier ice retreat in the Arctic Ocean results in earlier  

bloom timing  (Kahru et al., 2011; Kahru et al., 2016; Song et al., 2021)  as well as a shift from  

under ice to marginal ice blooms  in the northern Bering S ea  (Waga et al., 2021). Our analyses  

agree with these observations for the northern Bering S ea. Although an exception to that pattern 

occurred in the low ice years of 2018 and 2019 when open- water blooms were common in the  

northern Bering S ea.  

For the southern Bering S ea, our results  show  that if ice retreat occurs after late March,  

the timing of ice retreat regulates the timing of ice-associated blooms. I f  ice retreat is early (prior 

to  late-March) open-water blooms form  with  increasing s olar radiation and relaxation of local  

winds, in agreement with previous  studies  (Brown and Arrigo, 2013; Hunt et al., 2011; Niebauer 

et al., 1995; Saitoh et al., 2002; Stabeno et al., 2012a). On average, open-water blooms occur 

slightly  later than ice-edge blooms  (Niebauer et al., 1995). The relaxation of the winds enhances  

water column stratification and the  light levels over the surface mixed layer become non-limiting  

for phytoplankton growth and accumulation of biomass  (Chiswell et al., 2015). While bloom 

timing is  generally  variable but  constrained within a 2-month period there are a few exceptions  

to this pattern. For example, in areas near the M4 mooring i n 2003, a warm year, an open-water  

bloom occurred exceptionally early at the beginning of April (day 94), as also noted previously 

in both satellite and mooring observations  (Brown and Arrigo, 2013;  Sigler et al., 2014).  

Evaluating  the second objective, we  show  that the frequency of open-water blooms  

across the Bering S ea increased during the recent warm period, and particularly in 2018-2019  

(Fig. 4C). Open-water blooms were the dominant type  in  the southeastern Bering S ea during  

2001-2005 as well as  in the recent warm period (2014-present). Studies of the northern Bering  
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Sea published prior to the recent warm period suggested this region would remain seasonally ice  

covered (Stabeno et  al., 2012a; Stabeno et al., 2012b) and continue to be dominated by ice  

associated blooms (Brown and Arrigo, 2013). However, in 2018-2019 sea ice was extremely  

limited (Ballinger and Overland, 2022; Stabeno and Bell, 2019) and we observed open-water  

blooms  much more  widespread across the northern Bering S ea, something not seen previously, 

including the early warm years 2001-2005. Given future climate projections (Cheng et al., 2021) 

a northward expansion of open-water blooms during warm years indicates that the northern 

Bering S ea could eventually experience bloom dynamics more like the southern Bering S ea and 

less like  Arctic regions. That is, in future open-water blooms  may  occur in warm years in the  

northern Bering Sea  due to early  ice retreat, while ice-associated blooms  will continue to form in 

colder years.  

When open-water blooms occur, our analyses show that the intensity of the winds in 

spring becomes a regulating factor on the middle and outer shelf, acting to delay the bloom as  

winds  intensify. The recent warm period and associated record low sea-ice extent (2018-2019) 

appear to be the results of larger scale climatological  shifts  in the region (Ballinger and 

Overland, 2022). Future projections indicate that surface winds  may  increase in subpolar and 

polar regions (Mioduszewski et al., 2018), along with increased poleward ocean heat transport  

and northward retreat of  the ice edge (Alkama et al., 2020). While wind projections carry notable  

uncertainties  (Walsh et al., 2020), it appears that spring wind intensities  will play an increasing  

role in regulating bloom timing as open-water blooms become more prevalent throughout the  

Bering Sea, particularly during  climatological conditions  comparable to those experienced after 

2017 (Ballinger and Overland, 2022). 
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398 4.2. Chal lenges of  estimating large scale bloom dynamics  

Overall, bloom timing estimated from mooring and satellite ocean color data were in good 

agreement with each other. Nonetheless, while satellite data provide  extensive  spatial and 

temporal coverage, these estimates are limited to  surface waters and clouds  and ice-cover may 

impact the accuracy of  the  Chl-a  estimates  (Cole et al., 2012). Thus, our analysis does not cover 

phytoplankton processes occurring below the ice  or  in association with  subsurface blooms  which  

are prevalent in large areas of the  eastern Bering  Sea  after the spring bloom period (E isner et al., 

2016; Stabeno et al., 2012a). While our analysis from  mooring and nearby satellite estimates of 

Chl-a  identified similarity in the timing of bloom peaks, it was also evident from the mooring  

data that smaller secondary peaks  occur i n some years. While smaller in overall  magnitude  

compared to the main bloom peak, these blooms can still be important ecologically, particularly 

if such short upswings  in phytoplankton accumulation occur at a time  where resources for 

consumers, such as zooplankton, are otherwise limited. In addition, we focused on meso-scale  

bloom patterns (~50-100 km) and thus may have missed small-scale variation (patchiness) in 

bloom dynamics as  well as finer-scale  ice dynamics. Thinning  ice thickness in areas still  ice  

covered may also influence bloom dynamics, and ice cover is known to expand and retract  

throughout the winter and spring, which adds complexity to the ice retreat timing estimates as  

well as causes short-term pulses of released ice-associated algae  (Syvertsen, 1991). Our approach 

did not consider changes to ice thickness and how that might  influence under-ice bloom 

dynamics and bloom type and timing. Nonetheless, our analysis  was still  capable of depicting  

spring bloom phenology and associations to dominant physical processes across the Bering S ea  

shelf.   
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421 4.3. Im plications  for the Bering Sea ecosystem dynamics  

The spring bloom is associated with most of the annual primary production and consequently, 

the amount of organic carbon leaving the euphotic zone  (Hunt et al., 2011; Saitoh et al., 2002;  

Sigler et al., 2014). Our analysis shows that bloom timing on the Bering S ea shelf occurs within 

a 2-month period and that there has been no trend in bloom timing despite  a wide range of 

climate  conditions in the last 25 ye ars, a pattern that  is  consistent with  earlier data from the  

1980s and 1990s  (Niebauer et al., 1995). Yet,  our analysis, showed that  open-water blooms  

occurred more frequently in recent years and across a larger area of the Bering S ea  shelf. While  

bloom timing remains  without a long-term trend, consumer development times (e.g., copepod 

stage progression) and diapause dynamics are tightly coupled t o ambient water temperatures  

(Coyle and Gibson, 2017; Pierson et al., 2013). If consumers experience phenological shifts, due  

to shorter development times and reduced diapause  extent with rising temperatures while the  

bloom timing i s  largely unchanged, it can still change phenological  synchrony between  

consumers and their resources  (Kharouba et  al., 2018), which will have  subsequent  effects on 

secondary production.  

The prevalence of open-water blooms  is  likely to increase and result in an increasing  

proportion of phytoplankton a dapted to pelagic conditions  (Grebmeier et al., 2018). This will 

likely  also  cause a reduction of ice-associated algae of high nutritional quality that are  

ecologically important for lipid-rich crustacean zooplankton (e.g., Calanus  sp. copepods  (Baier 

and Napp, 2003)) a nd euphausiids  (Hunt et al., 2016), which are major prey resources for fishes, 

seabirds, and marine  mammals  (Hunt et al., 2011; Sigler et al., 2016). The 2001-2005 warm  

period prompted several  subsequent  years of decline for cold-water species such as large lipid-

rich copepods  (Eisner et al., 2020). Moreover, juvenile pollock survival  was reduced (Siddon et  
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444 al., 2013) a nd adult pollock abundance halved (Ianelli et al., 2016), a pattern that is likely t o 

recur in future warm years  (Mueter et al., 2011; Oke et al., 2022).  

Beyond influencing pelagic consumers, increases in open-water blooms  may also 

redistribute basal resources away from the benthos. Ice-associated algae commonly comprise  

large aggregates  (Fernández-Méndez et al., 2014; Stabeno et al., 2020), which sink faster than 

dispersed pelagic algae  (Riebesell et al., 1991; Tedesco et al., 2012). Thus, shifts from  ice- 

associated to open-water blooms  likely will reduce the magnitude, quality and timing of slower 

sinking basal resources reaching the seafloor. A reduction in basal resources reaching the sea  

floor could cause overall decreases to benthic fauna  (Grebmeier et al., 2018) t hat rely heavily on 

ice algae-derived food sources  (Koch et al., 2020), as well as  influence lipid  accumulation in 

benthic crabs  (Copeman et  al., 2021).  Whether such changes are linked to recent  dramatic  

declines of commercially important snow crab which were in  critical low numbers following the  

recent warm years 2018-2019 (Fedewa et al., 2020)  needs  further investigation. If, as predicted, 

reduced sea  ice  cover increasingly occurs as the climate continues to warm, the northern Bering  

Sea may shift from a benthic towards an  increasingly  pelagically  dominated system, more  

resembling that of the southeastern Bering  Sea ecosystem.   
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TABLES AND FIGURES 

Figure 1 

Fig. 1: Map of the Bering Sea, showing the mooring (M2, M4, M5 and M8) locations and the 
study area (blue, bottom depth 20-180 m). 
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Figure 2 

Fig. 2: Spring peak bloom timing estimates (day of year) from Chl-a MODIS satellite data 
(black) and Chl-a from the moorings A) M2 (green), B) M4 (blue), C) M5 (orange) and D) M8 
(red) from 1998 to 2022. The bloom generally occurs in two forms, an open-water bloom 
(diamonds) in association with the onset of thermal stratification, or an ice-associated bloom 
(circles) regulated by the timing of ice retreat. Grey shaded bars denotes timing of ice retreat 
(estimated as the day of year when ice cover decreased to below 15 %). E) Comparison of Chl-a 
peak bloom timing estimates from MODIS satellite data and moorings (r = 0.75, p < 0.01) and F) 
ice retreat timing and mooring bloom peak timing estimates. An ice retreat timing of zero 
indicates no sea ice formed around the mooring location in that year (though ice could have 
formed briefly in the fall the prior year). The 1:1 line is shown in black, and moorings are color 
coded in E and F as in A-D. 
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Figure 3 

Fig. 3: Spatial overview of A) average bloom timing for all years (1998-2022) and B) correlation 
with the cumulative spring SST anomalies estimates using robust linear regression analyses. For 
B) colors show the value of the slope from a regression of bloom timing as a function of 
cumulative SST anomaly and the presence of a “star” inside a circle denotes when the 
relationship is significant (p < 0.05). Annual bloom timing (1998-2022, Fig. S2) are available in 
the Supplementary information. 
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Figure 4 

Fig. 4: Hovmuller diagrams (year-latitude) for averaged across the middle and outer shelf 
regions (bottom depth: 50 - 180 m) showing temporal and spatial changes for, A) cumulative Sea 
surface temperature anomalies (°C) , B) timing of ice retreat (day of year), C) percentage of 
open-water blooms (%, blooms occurring at least 21 days after the day of ice retreat timing) and 
D) phytoplankton spring bloom peak timing (day of year).  

32 



 
 

 

 

 

  
  

   
   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 

Fig. 5: Correlation between satellite estimates of the timing of ice retreat and peak timing of 
open-water (circle), ice-associated (triangle), and earlier than ice retreat (diamonds) blooms 
estimated for years during the early warm period (2003 - 2005), the cold period (2010 - 2012) 
and the recent warm period (2018 - 2020) in the eastern Bering Sea. Color code shows average 
ice fraction (0-1) from 1 February to time of ice retreat for each area. 1:1 line shown in grey. Ice 
retreat was estimated as the day when ice fractional cover decreased to below 15 %. 
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Figure 6 

Fig. 6: Classification Decision Tree analysis showing which variables influence the formation of 
open-water versus ice-associated bloom formation on the A) southern and B) northern Bering 
Sea shelf. Percentages denote the proportion of bloom types following each pathway. 
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Figure 7 

Fig 7: Relationship between cumulative wind speed metric (Apr-May) and Chl-a bloom peak 
timing (day of year) during the early warm period (2003 – 2005, red, top panel), the cold period 
(2010 – 2012, blue, middle panel) and the recent warm period (2018 – 2020, red, bottom panel) 
for the southern (< 60° N) Bering Sea. Plots for the same years for the northern Bering Sea are 
available in the Supplementary information (Fig. S4). n.s. = not significance. 
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Figure 8 

Fig. 8: Partial effect plots, which are used to assess the isolated effects of a particular predictor 
or interaction, of the most parsimonious GAM (model B). Showing bloom timing response for 
open-water blooms (top row) and ice-associated blooms (bottom row) to A, D) ice retreat timing 
(day of year), B, E) wind speed metric (m/s), C, F) cumulative SST anomaly (°C) and G) spatial 
variation (longitude, latitude). Bloom type was noted as open water when ice retreat was > 21 
days before bloom peak timing, while ice associated bloom denote blooms occurring ≤ 21 days 
after ice retreat timing. Note different y-scales for each graph. Wind speed metric is a cumulative 
score of wind events 10-15 m/s with a duration of at least 24 hours during April and May. * 
denote significant explanatory variables.  Note year random effect not shown 
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Figure 9 

Fig. 9: Spatial GAM prediction for A) ice retreat as a spatial slope effect (model C) and B) wind 
speed modeled as a spatial slope effect (model D), which was done only for open water bloom 
types. Blue circles indicate statistically significant positive slopes (p < 0.05) between bloom 
timing and ice retreat or winds (e.g., higher wind speed metric associates with later bloom 
timing), while red circles denote statistically negative slopes between bloom timing and predictor 
variables. The size of the circle shows the steepness of the slope. 
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