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Abstract

Changes to physical and chemical oceanographic structure can lead to changes in phytoplankton
biomass and growth, which, in-turn, lead to variability in the amount of energy available for
transfer to higher trophic levels (e.g. forage fish). In general, age-O (juvenile) walleye pollock
(Gadus chalcogrammus) have been shown to have low fitness (determined by energy density and
size), in warm years compared to average or cold years in the southeastern Bering Sea. Contrary
to these findings, the year 2007 was a cold year with low fitness of age-0 pollock compared to
the transition year of 2006 (transitioning from warm to cold conditions) and cold years, 2008-
2011. In late summer/early fall (mid-August through September), significantly lower surface
silicic acid concentrations coupled with low phytoplankton production and chlorophyll a (Chl a)
biomass were observed in 2007 among 2006-2012 (P < 0.05). We postulate that the low silicic
acid concentrations may be an indication of reduced surface nutrient flux during summer leading
to low primary productivity (PP). The nutrient replenishing shelf/slope water exchange that
occurred during late October-February (2006-2007) indicates that deep water nutrient/salinity
reserves for the start of the 2007 growing season, were plentiful and had similar concentrations
to other years (2006-2012). The spring bloom magnitude appeared to be slightly below average,
and surface silicic acid concentrations at the end of the spring bloom period in 2007 appeared
similar to other years in the middle domain of the southeastern Bering Sea. However, during
summer (June-August) 2007, high stratification and the low number of storm events resulted in
low flux of nutrients to surface waters, indicated by the low surface silicic acid concentrations at
the end of summer (mid-August through September). Surface silicic acid may be useful as an
indicator of surface nutrient enrichment (and subsequent PP) during summer since other
macronutrients (e.g. nitrate) are usually near or below detection limits at this time, and diatoms
are generally scarce during summer. Surface silicic acid concentration was also positively
associated with the size of juvenile fish (age-0 pollock weight and length). This reinforces the
theory that nutrient availability and primary productivity are important to energy allocation for
higher trophic levels during summer, and possibly provides links between stratification and wind

mixing, surface nutrient input, PP and juvenile fish size and condition.

Keywords: Gadus chalcogrammus, primary productivity, silicic acid, nutrients, age-0,

walleye pollock, juvenile, eastern Bering Sea
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1. Introduction

Tracking the transfer of energy through an ecosystem from physics to fish can help us to
better understand the ecosystem as a whole, and could eventually allow us to predict and
consequently prepare for periods of low productivity. The timing, magnitude, and duration of
seasonal primary productivity in subarctic coastal regions strongly influence the amount of
energy as carbon that moves through the ecosystem (Sigler et al., this issue). This study focuses
on the possible role of low silicic acid as an indicator of low summer primary productivity (PP)
and low fitness (whole body energy content) of age-0 walleye pollock (Gadus chalcogrammus),
hereafter referred to as pollock, in the eastern Bering Sea (EBS) during 2007.

The shelf of the EBS is an important rearing habitat for age-0 pollock (Coyle et al. 2011). The
south EBS shelf is a broad shallow region that is oceanographically divided into three shelf
domains based on depth: inner shelf (0-50 m), middle shelf (50-100 m) and outer shelf (100-200
m) with fronts that partition these domains and impede cross-shelf flow (Coachman, 1986;
Kachel et al., 2002). Each domain displays specific oceanographic characteristics with a
vertically well-mixed tidally influenced inner shelf, a stable 2-layer system over the middle shelf,
and a 3-layer system with well mixed top and bottom layers over the outer shelf (Coachman,
1986). The entire EBS shelf is further divided by smaller spatial regions characterized by
specific biological, oceanographic, and physical properties as defined for the Bering Sea Project
(Bering Sea Ecosystem Study [BEST] and Bering Sea Integrated Ecosystem Research Program
[BSIERP], Ortiz et al., 2012; Wiese et al., 2012). There are a total of seven regions that comprise
the south EBS (south of ~ 60°N), the largest being Region 3, which covers a large portion of the
south middle shelf (Ortiz et al., 2012).

Seasonal cycles of PP on the EBS shelf occur, with low (< 0.2 g C m? d'!) winter values,
relatively high rates (>1 g C m2 d!) during the spring bloom typically peaking in May, low to
moderate rates (0.2-0.6 g C m2 d!) in summer with a mild (0.5-0.8 g C m2 d™!") fall bloom
observed in some shelf regions (e.g. middle and inner shelf) (Brown et al., 2011; Rho and
Whitledge, 2007). The spring bloom is initiated by increasing day length and shallowing of the
mixed layer so that phytoplankton remain above the compensation depth and growth is no longer

limited by light (Sverdrup, 1953). The availability of surface nutrients from mixing of the water
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column over winter supports ice algae and phytoplankton blooms during spring, with large
diatoms making up a high percentage of the biomass (Moran et al., 2012; Wyatt et al., 2013). As
nutrients within the euphotic zone are exhausted, phytoplankton growth becomes nutrient limited
and the spring bloom ends. Diatoms require nitrogen, phosphate and silicic acid for growth,
however, nitrogen is usually the limiting nutrient, so residual silicic acid may remain in surface
waters following the spring bloom. The size of the spring diatom bloom will, therefore,
determine the amount of silicic acid remaining in the surface pool at the start of summer.

During summer, stratification in the water column restricts vertical movement of nutrients to
the surface waters which reduces productivity and allows small phytoplankton taxa (e.g.
microflagellates), favored under low nutrient conditions, to dominate the system (Moran et al.,
2012). Depending on to the magnitude of wind events and the strength of water column
stratification, episodic winds can break down stratification and mix nutrients into the euphotic
zone, producing bouts of productivity during this period (Sambrotto et al., 1986; Stabeno et al.,
2010). During these bouts of productivity, nitrate and ammonium are rapidly depleted by
phytoplankton, again leaving residual silicic acid in surface waters. Hence, in summer if episodic
mixing occurs, surface silicic acid is high; if no mixing occurs then silicic acid remains low.

The amount of carbon transferred from phytoplankton to higher tropic levels will be affected
by the quantity of primary production and the size and quality of the individual phytoplankton
taxa. Classically, larger-size phytoplankton taxa (e.g. diatoms) will result in shorter food webs
leading to more efficient energy transfer (e.g. diatom to mesozooplantkon to fish) compared to
smaller phytoplankton taxa (e.g. small flagellates to microzooplankton to mesozooplankton to
fish) (Dahlgren et al., 2011). Therefore, higher nutrient conditions, as occur during episodic
mixing events, can favor production of large taxa like diatoms, which may ultimately enhance
carbon transfer to higher trophic levels, such as walleye pollock.

The health and survival of zooplankton and fish are tied to the timing of spring bloom and
seasonal progression of productivity on the EBS shelf (Sigler et al., this issue). For example, the
large copepod, Calanus spp., may depend upon early, ice-associated phytoplankton blooms or
ice algae to avoid exhausting their over-wintering lipid reserves (Coyle et al., 2011) or for the
successful recruitment of copepodites in spring (Baier and Napp, 2003). In the south EBS, warm
years were characterized by low sea ice extent and cold years by high sea ice extent, and in

recent decades, a stanza of low ice extent warm years (2001-2005), were followed by a
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transition year (2006), and then a stanza of high ice extent cold years (2007-2013) (Stabeno et
al., 2012; Zador, 2014). Recent years with anomalously warm temperatures in the south EBS
were associated with lower abundances of large crustacean zooplankton and higher abundances
of smaller zooplankton taxa (Coyle et al., 2011; Eisner et al., 2014). The shifts in zooplankton
species assemblages were also associated with a shift in the prey of small pelagic fish (Coyle et
al., 2011; Farley and Moss, 2009). Such changes led to a new conceptual model of carbon and
energy flow during warm and cold years in the south EBS (Coyle et al., 2011) and to a revised
oscillating control hypothesis connecting climate to recruitment of important groundfish
populations (Hunt et al., 2011).

During their first year, fish vary how energy is allocated (either growth or storage) depending
on their ontogenetic stage. During the larval phase (occurring in spring), energy is primarily
allocated to somatic growth to help young larvae avoid predation. Once they reach >30 mm in
length (considered age-0 or juveniles), energy is allocated to increase lipid storage which has
important consequences for overwinter survival (Siddon et al., 2013). Mueter et al. (2011)
developed a model for age-1 recruitment of pollock assuming that survival of early larvae are
enhanced by warm spring conditions, but that high temperatures during late summer and autumn
are associated with poor feeding conditions prior to winter and reduced recruitment in the
following spring. This reinforces the importance of late summer/early fall conditions for
overwinter survival for fish during the first year at sea.

The recent changes in zooplankton taxonomic composition (viewed as a proxy for prey
quality) in the EBS had direct implications on age-0 pollock energy content and survival (Heintz
et al., 2013). During warm years, age-0 (juvenile, fish that were hatched that same spring and
have grown out of their larval stage) pollock that fed on smaller zooplankton taxa had
significantly lower energy content than fish that fed on lipid-rich, large copepods and
euphausiids during cold years (Heintz et al., 2013). Subsequently, the best model relating age-0
pollock fitness to their recruitment at age-1 included both size and energy content, indicating that
both these variables are important for overwinter survival in the eastern Bering Sea (Heintz et al.,
2013; Hunt et al., 2011). For example, collectively, age-0 pollock captured during 2007 had
average energy density (lipid, kJ/g wet weight) but individually, were relatively small in size
causing their whole body energy content (kJ/fish) to be low. Consequently, survival of age-0

pollock during winter 2007-2008 was low, even though they had attained average lipid reserves
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during late summer and early fall (Heintz et al., 2013). Small size of age-0 Pacific cod (Gadus
macrocephalus) during 2007 was also found (Farley et al., this issue) as well as reduced fitness
of juvenile sockeye salmon (Farley et al., 2011).

The importance of stratification to juvenile pollock over-winter survival in the eastern Bering
Sea also has been described by Coyle et al. (2011) who found a significant negative correlation
between water column stratification during the first summer at sea (age-0 fish) and their survival
to age-1. We propose that during years with high stratification and low wind mixing, low surface
nutrient flux can result in a reduction in carbon transfer up the food web to fish, evidenced by
reductions in the body size (due to slower growth) and fitness of age-0 pollock at the end of
summer.

In this paper, we examine bottom-up conditions (e.g. nutrient availability, PP) during late
summer/early fall for the years 2006 through 2012 to better understand the mechanisms that may
have led to the reduced size and fitness of age-0 fish during 2007 in the south EBS, with an
emphasis on oceanographic characteristics at PP stations and stations in the middle shelf Bering
Sea Project Region 3. We used Region 3 for this analysis since there is a long record of
oceanographic data in this region at the long-term Pacific marine Environmental Laboratory
(PMEL) Mooring 2 (M2, 56.87°N, 164.06°W), and this region may be sensitive to surface
nutrient depletion since it tends to be highly stratified during summer (Eisner et al., this issue;
Ladd and Stabeno, 2012). Specifically, we examine silicic acid concentrations (as a proxy for
nutrient input in summer), PP, pollock egg abundance and hatch timing, size of larval pollock,

the size, diets, and energetic of age-0 pollock, and recruitment to age-1.
2. Methods

2.1 Data collection and sample analysis

2.1.1 Oceanographic data

Fisheries oceanography surveys were conducted on the south EBS shelf (south of 60°N)
during mid-August through early October on Bering Arctic Sub-Arctic Integrated Survey
(BASIS) cruises for 2006 to 2012 (described in Eisner et al., this issue). Hydrographic data
(temperature, salinity, pressure, photosynthetically active radiation [PAR]), and water samples

for chlorophyll a (Chl @) and nutrients (silicic acid, nitrate, ammonium, nitrite and phosphate)
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were collected via Seabird Electronics CTD (9-11, or 25) equipped with auxiliary sensors, and a
carousel housing Niskin bottles. Discrete Chl a samples (total from Whatman GF/F filters [0.7
um] and >10 pm size fractions from polycarbonate membrane filters) were vacuum filtered and
filters frozen at -80 °C pending analysis using standard fluorometric methods (Parsons et al.,
1984). Samples for nutrient analysis were frozen for later analysis following the WOCE-JGOFS
standardization and analysis procedures specified by JGOFS (1994), including reagent
preparation, calibration of labware, preparation of primary and secondary standards, and
corrections for blanks and refractive index. Vertical profiles of PAR were obtained from Li-Cor
or Bio-Spherical 4 pi sensors mounted on the CTD, and above surface PAR was measured with
Li-Cor or Hobo 2 pi sensors.

Shipboard PP experiments were conducted to estimate rates of carbon uptake by
phytoplankton. Samples for PP experiments were collected from 50% down to 1% of surface
light level (estimated using a biospherical PAR sensor attached to the CTD) with two light
bottles (duplicates) and one dark bottle collected at each sample depth. Experiments were
conducted at a subset of stations in 2006-2011 (excluding 2008), for a total of 32 stations (Fig.
1). We used 500 ml clear polycarbonate bottles filled with surface water (collected ~ mid-
morning) and inoculated with 7.5 x 10° moles L' NaH;3COs3. Control samples (without
inoculation) were filtered immediately onto pre-combusted Whatman GF/F filters, while the
remaining inoculated bottles were placed in screen bags that simulated 50% down to 1% light
levels and incubated for six hours approximately centered over local solar noon in deck-board
acrylic glass tanks cooled with surface seawater. After incubation, samples were filtered onto
Whatman GF/F filters and were frozen at -80°C. Samples were analyzed within 6 months at the
University of Alaska Fairbanks (UAF) Stable Isotope Facility using a Delta V continuous-flow
isotope ratio mass spectrometer interfaced with a Costech ESC 4010 elemental analyzer.

PP data were obtained from UAF as del '3C values (8'3C PDB %o) and as carbon mass (ug).

Data were converted to atom percent (AP) using the equation:
AP = 100*((AR*(8'3C/1000) +1) / (1+AR*(613C/1000)) + 1

Where AR, the absolute ratio, is a constant equal to 0.112 and §'3C is the value in ‘per mil’ (%o)

obtained by the lab (equation from the University of Ottawa stable isotope laboratory and ‘A
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Guide to the Calculation of Isotope Ratios’ Europa Scientific LTD). A dissolved fraction for

atom percent (APD) was calculated as:
APD = ((C13)/ TCOz2)/(1+ C13 addition)/ TCOz2))*100

Where C!3 = the carbon-13 experimental addition, and TCO: is the total dissolved carbon dioxide
value (mmol/L). The APD and both pre and post incubation atom percent values were used to

obtain an uptake rate via the equation:

Uptake (ug L1 experiment-1) = Carbon Mass (ug)*((APP - AP)/( APD-AP))

Where APP = atom percent post incubation, and AP is the pre-incubation atom percent. Uptake
rates were then converted to mg m> hr-! by dividing uptake per experiment by the incubation
time (as per Hama et al., 1983).

Science quality monthly average Chl a (mg m?) data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) were downloaded from NOAA’s CoastWatch program
(http://coastwatch.pfeg.noaa.gov/infog/MH_chla_las.html). NASA's Goddard Space Flight
Center (GSFC) receives raw satellite data. The SeaWiFS Data Analysis System (SeaDAS)
software (Fu et al., 1998) is used to process the raw data. An atmospheric correction is applied to
yield water leaving radiance (Gordon and Wang, 1994; Shettle and Fenn, 1979) which is then
processed to Chl a using the NASA developed OC3M algorithm (O'Reilly et al., 2000).

2.1.2 Spring ichthyoplankton

Pollock larval standard length comparisons and egg abundance were examined during
springtime ichthyoplankton surveys in the south EBS from 2006 to 2012. Gear used for sampling
were a 60 cm Bongo array or a 1-m? Multiple Opening/Closing Net Environmental Sensing
System (MOCNESS) with either 333 or 505 um mesh nets, and catch was integrated over the
water column. Egg abundance analysis was performed for the years 2006 to 2010, and 2012, and
only stations where eggs were present were analyzed. Those stations were located mostly along
the Alaska Peninsula and near the Pribilof Islands (Fig. 1). Pollock spawn at different times and
at different locations in the Bering Sea (Bacheler et al., 2010) and comparing different locations

could complicate interpreting larval size differences. Based on the number of stations surveyed
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and the spatial coverage, annual pollock larval size comparisons were thus performed using the

Pribilof Islands spawning area (for years 2007, 2009, 2010, and 2012).
2.1.3 Late summer age-0 pollock size, diet, and energy

All age-0 pollock were collected concurrently with oceanographic data. Pelagic fish were
collected using a can-trawl net, 198 m long, with a hexagonal mesh in wings and body, and a 1.2
cm mesh liner in the cod-end. The trawl was towed at 6.5-9.3 km h-!, at or near the surface, and
had a typical spread of 55 m horizontally and 25 m vertically. Trawl stations were sampled
during daylight, and all tows lasted 30 min and covered 2.8-4.6 km. A total of 701,139 age-0Os
were caught over the south EBS shelf for 2006-2012, largely over the inner and middle domains.
A subsample of up to 50 age-0 pollock (< 101 mm) were weighed in bulk at each station. Bulk
subsample weights for each station were divided by the number of fish within the subsample for
use as a catch-averaged weight/station (AOW). The lowest number of fish measured in any given
year occurred in 2009 where 995 age-0 pollock were caught.

Food habits of age-0 pollock were examined onboard each vessel during BASIS late
summer/early fall surveys by removing and pooling the contents of the entire food bolus from
the stomachs of up to 20 randomly selected individuals. Stomach contents were weighed to the
nearest 0.001 g, sorted, and identified to the lowest feasible taxonomic group. Individual prey
groups were weighed (wet weights) and divided by the total weight of prey contained in the
stomachs to calculate proportional contributions of each prey group to the diet. In cases where
prey categories were too small to weigh individually, an estimate was made of its percent
contribution. Data from 2006-2009 are presented in Moss et al. (2009) and Coyle et al. (2011).
New data for this manuscript includes 2010-2012. A stomach fullness index also was calculated
aboard ship by first calculating a stomach content index (SCI) dividing each prey category
(identified to the lowest feasible taxonomic group) by the weight of each fish and multiplying by
10,000. All individual prey SCI's then sum up to the stomach fullness index.

Energetics (energy content) data of age-0 pollock are from Heintz et al. (2013). The year 2012
was added to the data for reproduction in this manuscript. Methods for lipid analysis can be

found in Heintz et al. (2013).

2.2 Data analysis and statistics
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2.2.1 Oceanographic data

Interannual comparisons (2006-2012) of late summer/early fall surface and bottom
temperature, and mixed layer depth were conducted using Region 3 stations that were sampled a
minimum of 5 of the years during 2006-2012. The mixed layer depth and surface and bottom
temperatures (°C, mean above and below the mixed layer depth) were derived from CTD profile
data (Danielson et al., 2011; Eisner et al., this issue). We also conducted comparisons of surface
Chl a (mg m™, total and large size fraction [>10 um Chl a]) and silicic acid (Si(OH)s, uM) on
data from PP stations and on data collected in Region 3. Surface silicic acid, surface Chl a, and
surface large size fraction Chl a were natural log transformed, and one way ANOVA tests were
performed to examine means among years. A Student Neuman-Keuls test using R with the
agricolae package (version 3.0.1, The R Foundation for Statistical Computing; R Core Team,
2013) was used for pairwise comparisons to illustrate significant differences between pairs of
years. On-way ANOVA was used to determine differences for silicic acid concentrations
(untransformed) below the pycnocline (30-60 m) in Region 3.

Interannual differences in late summer/early fall PP were investigated for 2006-2011
(excluding 2008) at PP stations located on the inner and middle south EBS shelf (Fig. 1). PP data
was evaluated for absolute uptake rates (mg C m hr!), normalized by Chl a (mg C mg Chl a’!
hr!), and further normalized by PAR (mg C mg Chl a™! hr'! umol photons™! m? s), to assess
effects of biomass and light on uptake rates. Duplicate light bottle samples with a high (> 50)
coefficient of variation (CV, sample standard deviation/mean) were not used for the analysis
Data for PP were not normally distributed even after log transformation. Sample size was also
relatively small so we used a non-parametric Kruskal-Wallis rank sum analysis to determine
significant interannual variations in PP.

MODIS ocean color data from Region 3 were used to investigate seasonal and interannual
variations in Chl a. Mean and standard errors were calculated for Chl a (mg m) for March-May
(spring), June-Aug (summer), September-October (fall), and March-August (an indicator of Chla
biomass in spring and summer prior to our survey). One-way ANOV A was used to determine
significant differences. Maximum Chl a values for autumn and spring months were determined
for each year (2006-2012), and average monthly Chl a values from spring to fall (April-October)
were compared graphically. We further characterized spring bloom magnitude and estimated

post bloom surface silicic acid at M2 using data from PMEL hydrographic surveys and BEST

10
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surveys (Wiese et al., 2012). Silicic acid was analyzed by PMEL following similar methods as
described above for BASIS surveys (Mordy et al., 2012). We evaluated the date and magnitude
of the spring bloom maximum using surface Chl a fluorescence data from moored sensors
(reproduced from Sigler et al., 2014), and estimated the date and magnitude of post bloom
surface silicic acid (for a subset of years: 2007, 2009, 2010) from discrete water samples. One-

way ANOVA was used to determine if post-bloom surface silicic acid varied among years.
2.2.2 Oceanography and age-0 pollock size comparisons

Oceanographic discrete sample data (silicic acid and Chl @) from Region 3, were compared
with age-0 pollock weights (weighted means/station/year) south of 60 °N latitude. To enhance
visual comparisons among variables, silicic acid, Chl a, and AOW values were normalized for
time series plots by subtracting the mean (2006-2012) from each value and dividing by the
standard deviation. Pearson’s product correlations were used to evaluate linear relationships
between yearly mean surface silicic acid, surface Chl a, integrated Chl a (mg m?), and AOW (g)

for 2006-2012. One-way ANOVA was used to compare AOW among years
2.2.3 Spring ichthyoplankton

Pollock egg abundance varies spatially on a daily scale because pollock spawn at separate
times and locations throughout the Bering Sea. Spatial coverage was not equal among years so a
variable coefficient Generalized Additive Model (GAM) was used (R package mgcv, version
1.7-22; Wood, 2006) to estimate date of peak egg abundance for each year based on day of year,
longitude, and latitude. The response variable was number of eggs per 10 m? (log transformed),
with longitude and latitude used as smooth terms. Models were analyzed in R. A mixed-effects
ANOVA and Tukey’s Test were used for larval size comparisons among years. The random
effect for the ANOVA was station (a plankton tow conducted at a specific location), and Systat

version 13.0 statistical software was used to run the analysis.
2.2.4 Age-0 pollock diets and energy

A linear regression model was used to relate the total body energy (KJ/fish) of age-0 pollock

in year -1 to subsequent recruitment to age-1 in year .

3. Results

11



321

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

3.1 Oceanographic data

Surface temperatures in Region 3 (2006-2012) during August-September were highest during
2007, with a shallower mixed layer depth than other years studied (Table 1). Comparisons
among PP stations (and Region 3 stations in years without PP data, e.g. 2008, 2012) in late
summer /early fall indicate that the lowest mean Chl a biomass occurred in 2007, with
significantly lower values found in 2007 than 2009 and 2011 (Fig. 2, Table 2). The large (>10
um) Chl a size fraction had the lowest values in 2007, 2008 and 2012, with significant different
(P <0.05) observed between: 2007 vs 2009, 2008 vs 2009 and 2012 vs 2006, 2009, 2011 (Fig. 2,
Table 2). The mean and standard deviation (SD) for the total and large size fraction Chl a, all
years combined, was 1.43 (SD = 0.50) and 0.23 (SD = 0.22) mg m™, respectively.

Mean surface Chl a values (mg m) derived from the aqua MODIS ocean color data in
Region 3 over the growing season during 2006-2012, indicate that 2007 had an early (April)
spring bloom with slightly below average values observed during all seasons (Table 3, Fig. 3).
However, no significant interannual differences among years could be detected (Table 3,
ANOVA, P > 0.3). Chl a fluorescence data at M2 collaborate these observations on bloom
timing and magnitude (Table 4). The maximum Chl a concentration during spring 2007 was 9.2
mg m->compared to a mean of 16.9 (SE = 2.9) for 2006-2011 (Table 4). Similar results (data not
shown) were estimated for PMEL Mooring 4 (M4), located at 57.9°N, 168.9°W, in the middle
domain inshore of the Pribilof Islands; 2007 had a mean of 10.6 mg m™ compared to a mean of
20.1 (SE =9.7) for 2006-2009 and 2011, (Sigler et al. 2014).

Surface silicic acid concentrations were significantly lower (P < 0.05) during late
summer/early fall 2007 compared to all other years examined in Region 3 and at PP stations
(Table 2, Fig. 2.). In addition, silicic acid values were lower, and dissolved inorganic nitrogen:
silicic acid (N: Si) ratios were higher in Region 3 compared to other areas of the EBS (with the
exception of the south inner shelf) during late summer 2007 (Fig. 4). This was also the area with
lowest PP in 2007 (data not shown). There was a significantly positive (P < 0.05) correlation
between surface silicic acid and surface in situ Chl a (Fig. 5A and Table 5). Concentrations for
silicic acid below the pycnocline (30-60 m) were evaluated for the years 2006-2012 (Fig. 6) and
appeared to be neither limiting for diatom growth, nor significantly different across all years,

with the exception of 2011 which was higher than all other years (P < 0.05, ANOVA).
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Surface silicic acid concentrations (averaged over top 10 m) at M2 were measured 2-3 weeks
after the maximum Chl a spring bloom peak for 2007, 2009 and 2010 (Table 4). Analysis of this
(limited) data set, indicated that post bloom surface silicic acid concentrations were low (0.1-1.2
uM, Table 4) and similar among years (ANOVA, P = 0.3).

There were significant interannual differences (P < 0.05) in surface PP, PP normalized to Chl
a, and PP normalized to both Chl ¢ and PAR (Table 2). Overall, the lowest mean and median
values for surface PP, surface silicic acid, and surface Chl a were observed in 2007 (Fig. 2).
Integrated and surface PP uptake rates (uptake C, ug L', h'!) were significantly positively related
(R?=0.70, P <0.001) (Fig. 7).

3.2 Oceanography and pollock size comparisons

Similar trends were observed for silicic acid and AOW from 2006 to 2012 (Fig. 5B, C).
Surface silicic acid and AOW (and age-0 length data, not shown) did not have significant
correlations for 2006-2012 (P > 0.05, Table 5). However, a linear trend is suggested for silicic
acid values below 6 uM (Fig. 5C), suggesting a possible threshold response of AOW to silicic
acid. Reanalysis of this data after removal of the 2011 high silicic acid data point, yielded higher
correlations (R =0.77, P = 0.07). The smallest (2007 and 2012) age-0 pollock were about half
the mean size of the largest (2008 and 2009) fish (Fig. 8), however, no significant (P > 0.05)

interannual differences were detected.
3.3 Spring ichthyoplankton

Peak egg abundance occurred in late April in 2006, mid-May from 2007-2010, and late May
in 2012 (Table 6). Pollock eggs on the Bering Sea shelf are located in the upper 30 m of the
water column (Smart et al., 2013), so sea surface temperature can be used as a proxy for
temperature that eggs experience during development. Given the temperatures that occurred in
2007 to 2010, eggs would reach the hatching stage in approximately 32 to 36 days (Blood, 2002;
Table 7). Duration of the hatching period (the time it takes for all eggs to hatch) is about 11 days
for temperatures between 0.4 and 2.0 °C (Blood, 2002). Given that peak egg abundance occurred
near mid-May, the times to 50% hatching were alike, and there was an extended hatching period;
it is likely that a portion of the eggs spawned during 2007 to 2010 hatched on similar dates
(Table 7). For ichthyoplankton data during 2012, the coldest year, temperature appeared to have
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the strongest effect on date of peak egg abundance (according to the GAM), resulting in the peak
occurring 2 weeks later than in other years (Table 6).

Pollock larvae standard lengths were significantly different among years (P < 0.001, Table 8).
Larvae collected in 2007 were significantly larger than larvae from 2009 and 2010 (all larvae
were sampled near the middle of May, Table 8). There was no significant difference in size
between 2007 and 2012 larvae, but 2012 larvae were collected about two weeks later than all
other years and that may have influenced their size (Table 8). Alternatively, both spawning and
hatching may have occurred later in 2012 due to the cold water temperature; in that case larvae
from both years would be of similar age and size. Larvae in 2007 were larger than those in 2009

and 2010, but as age-0’s were considered small (by weight; Figs. 5B, 8).
3.4 Age-0 pollock diets and energy

Diets of age-0 pollock varied among years 2006-2012 (Fig. 9). Age-0 diets in 2006 and 2007
were highly varied with the large copepod, Calanus spp., making up a smaller portion of diets
compared with later years. The euphausiid, Thysanoessa raschii, and Calanus spp. made up the
largest portions of age-0 diets during 2007 (26.9% and 20.5% respectively), while in other years
(except for 2009), Calanus spp. alone accounted for the largest portion of diets, especially in
2012 (60%). The percentages of large crustacean zooplankton (lipid rich taxa, primarily Calanus
spp., and euphausiids) were ~ 40% in 2006, 2007 and 2009, with percentages almost twice as
high (~ 75%) in other years The stomach fullness index for age-0 pollock was similar among
years with the exception of 2011 which was significantly lower (P < 0.05) than all other years
(data not shown).

A regression of age-0 pollock fitness (kJ/fish) against age-1 recruitment (age-0 survivors
quantified the following spring) for 2003-2012 indicates most cold and average years have good
overwinter survival compared with poor survival during warm years and during 2007, with the
exception of 2012 which had good survival to age-1, but poor fitness at the time of collection

(Fig. 10).
4. Discussion

The goal of this study was to identify anomalous conditions in the south EBS for the year

2007 (within 2006-2012), that point to low energy transfer up the food web from physics to
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juvenile fish during summer. We focused on summer surface silicic acid concentration as an
indicator of summer PP; and the potential relationship of this indicator to size, fitness and over-
winter survival of age-0 pollock. Here we discuss: 1) silicic acid concentrations, PP and Chl a
biomass, 2) zooplankton and age-0 pollock feeding habits; 3) age-0 pollock size and fitness; 4)
links between silicic acid and age-0 pollock that illustrate the importance of summer PP on

juvenile forage fish (age-0) survival in their first year of life.
4.1 Silicic acid, PP and Chl a biomass

In order to evaluate the factors driving silicic acid concentrations in late summer (and its
potential as an indicator of summer PP), we evaluated winter nutrient replenishment, and draw
down during the spring bloom prior to the summer period, and episodic mixing events over the
summer period.

The southern shelf water of the EBS is exchanged with slope water during October—January
every year. On the middle shelf, this replenishes ~ 50% of the nutrients consumed during the
previous season, although the extent of replenishment varies each year (Granger et al., 2013;
Stabeno et al., this issue). Replenishment during fall and winter 2006/2007 was typical (~ 50%),
likely providing an average nutrient pool (average silicic acid concentrations) for the start of the
2007 spring bloom (Stabeno et al., this issue).

The concentration of post-spring bloom surface silicic acid was also likely similar in
2007 compared to other study years. Nitrate in the upper mixed layer is depleted while
ammonium concentrations increase in the bottom layer (Mordy et al., 2012). Surface silicic acid
concentrations after the spring bloom were similar and low (mean < 1 pM) for 2007, 2009 and
2010 near M2. The spring diatom also did not appear to be higher in 2007 than other years based
on Chl a fluorescence data at mooring M2 and M4 (Table 4, Sigler et al., 2014). MODIS Chl a
data (Fig. 3) in Region 3 also suggest that the spring phytoplankton bloom was not exceptionally
high in 2007; although ice algae and under ice or subsurface blooms cannot be evaluated with
these satellite observations. Comparisons among years 2006-2011 show an earlier peak (April) in
Chl a fluorescence data at M2 for 2007 (Table 4, Sigler et al., 2014), which agrees with satellite
data, albeit 2012 also had an early peak. Since surface nutrients are consumed during the spring
bloom, 2007 may have had a longer period of low surface nutrients than other years (starting in

April instead of May), with the exception of 2012.
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During summer, stratification and wind mixing can play a large part in regulating surface
nutrient flux and PP over the southern EBS shelf (Sambrotto et al., 1986). At M2 there was very
strong stratification and little to no mixing from June through August 2007 (Ladd and Stabeno,
2012; Stabeno et al., 2012). The years 2004 and 2007 had the highest stratification index values
within 2003-2012 at M2 over the south middle shelf, with the lowest number of wind mixing
events occurring in 2007 (3 events compared to a mean of 8, Eisner et al., this issue). The low
surface silicic acid concentrations observed mid-August to September in 2007 support the
conclusion that low episodic mixing in summer may have reduced the total surface nutrient flux
during summer. The 2007 surface silicic acid concentrations were also unusually low when
values are compared across a larger data set (Eisner et al., this issue). Values for Region 3 and
the south inner shelf (Regions 2 and 7, Fig. 1) in 2007 were 1.6-1.9 uM compared to the means
for 2003-2012 (4.2-4.8 uM) (Eisner et al., this issue). The only other mean values less than 2 uM
for 2003-2012 were seen in the south inner shelf during 2011 and 2005. Region 3 has the
strongest stratification over the south EBS (Ladd and Stabeno, 2012), so we may naturally expect
nutrient limitation to be the highest in this region. The silicic acid concentrations below the
pycnocline in 2007 were near average for Region 3 (Fig. 6, 23.8 for 2007 compared to 22.2 uM
for 2003-2012; Eisner et al., this issue). However, the high stratification and low number of wind
mixing events in 2007 did not allow those nutrients to mix to the surface. The low to moderate
MODIS Chla data observed during the summer of 2007 suggests that low mixing rather than
surface diatom PP prior to our survey was responsible for the observed low surface silicic acid
values.

Late summer surface PP varied directly with Chl a biomass for cold years over the
southeastern middle shelf from 2006 to 2012 (Fig. 2A, C). The significantly lower surface PP
(absolute uptake) and Chl a biomass in 2007 compared to other years suggests that reduction in
overall carbon uptake rates may be, in part, related to lower phytoplankton biomass. This is
further supported by the findings of Brown et al. (2011), showing that Chl a and PP have a
positive relationship on the EBS shelf. We also found in situ integrated PP and surface PP to be
significantly positively related in the south EBS, as observed by Lomas et al. (2012). This
suggests that water column PP was also low in 2007. A negative anomaly was observed for
integrated Chl a (collected concurrently with surface PP and Chl a in the current study) solely

during 2007 even within the larger span of 2003-2012 over the south middle shelf in Region 3
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(Eisner et al., this issue), indicating that in 2007 Chl a biomass as well as PP were low
throughout the water column.

The significantly low surface silicic acid (< 2 uM) in mid-August to mid-September in 2007
could also have altered phytoplankton community composition. A laboratory experimental study
by Egge and Aksnes (1992) revealed that that when silicic acid concentrations were > 2 uM,
phytoplankton communities may be diatom-dominated provided sufficient nitrogen is present.
When concentrations were < 2 uM, diatom abundance was shown to decrease considerably
regardless of nitrogen and phosphate supplies. The low amount of Chl a in the large fraction
biomass (> 10 um Chl @) in 2007 supports the conclusion that fewer diatoms were present in
surface waters in 2007 than in most other years and that diatom PP was limited. Integrated (over
top 50 m) large fraction Chl a in Region 3 was low in 2007 and 2008, but not in 2012 (Eisner et
al., this issue). This discrepancy suggests that in 2012 taxa size may have varied considerably
from surface to depth with large phytoplankton taxa (e.g. diatoms) located deeper in the water

column.
4.2 Zooplankton and age-0 pollock feeding habits

Variations in availability and health of zooplankton prey during summer can have large
impacts on age-0 pollock feeding. A considerably larger percentage of Calanus spp. was
consumed as part of age-0 late summer diets during 2008-2012 as opposed to 2006-2007, when
large zooplankton abundance was relatively low (Coyle et al., 2011, Eisner et al., 2014). The
warm years ended in 2005; subsequently, Calanus spp. biomass increased starting in 2007 but
had the greatest increase in 2008 indicating the potential for a considerable lag time for increases
in large lipid-rich zooplankton from warm to cold years (Eisner et al., 2014). Zooplankton
biomass in late summer of 2007 was also lower than 2008-2010, but not as low as 2003-2006
(Eisner et al., 2014; Eisner pers. comm.).

The higher surface temperatures in 2007 could also have increased energy expenditures by
zooplankton (Coyle et al., 2011; Sigler et al., 2014). High energy expenditures and potentially
lower availability of energy resources (due to lower summer PP, reflected by lower silicic acid
concentrations) in 2007, could have led to reduced health of zooplankton prey (and a less

nutritious food source for higher trophic levels). The low availability of diatom prey, potentially
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high quality food for copepods (Vargas et al., 2010), also could have adversely affected Calanus

spp. growth and survival.
4.3 Age-0 pollock size and fitness

Age-0 pollock captured during late summer (2003-2011) in the south EBS had significantly
lower energy density (KJ/g) during warm years (2003-2005) compared to cold years (2007-2011)
(Heintz et al., 2013; Moss et al., 2009). Both cold years 2007 and 2012, age-0 pollock had low
total body energy content (kJ/fish), similar to that of warm years (Heintz et al., 2013). However,
overwinter survival of age-0’s were low during 2007, but high during 2012. The 2012 year class
also appears to be strong based on acoustic surveys during 2014 (Ianelli et al., 2014). High total
surface Chl a, high abundance of large copepods and euphausiids in diets, and low temperatures
may have helped the 2012 age-0’s to increase their lipid reserves during the time between our
survey and the onset of winter, considering that lower water temperatures can reduce metabolic
costs in fish, similar to zooplankton (Sigler et al., this issue). These oceanographic factors may
have aided lipid storage for juvenile fish during the cold summer of 2012, and impeded it during
the warm summer of 2007. Egg hatch timing was~2 weeks later in 2012 than in 2007, suggesting
that although the 2007 and 2012 age-0 fish were of similar size at the end of summer, the 2012
fish may have been younger and hence grown faster than the 2007 fish. Egg hatch times among
2007-2010 were similar, though larval sizes were in fact larger during 2007 than in 2009 and
2010. Accordingly, growth may have been faster in 2009 and 2010 because larvae were smaller
but juveniles were larger than those from 2007. Likewise, surface silicic acid concentrations
were higher in 2009 and 2010 than in 2007. This supports the hypothesis that the small size of
juvenile age-0 pollock in late summer/early fall 2007 was due to limited growth during the
summer as opposed to late hatching or small larval size in spring. It should be noted that the
larvae analyzed were not from the area shown to have low silicic acid levels.

Wind mixing and stratification may also directly affect fitness of age-0 pollock by affecting
the predator-prey interactions of larval and age-0 fish in the upper water column. Typical fish
feeding is analyzed by looking at the process of encounter, pursuit, attack and capture (Holling,
1959; Rothschild and Osborn, 1988). Higher predator-prey encounter rates will ultimately lead to
more chances for pursuit and capture of prey. MacKenzie et al. (1994) found evidence of a dome

shaped relationship between turbulence and larval fish-prey interactions, where rates of larval
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fish ingestion increased with higher turbulence (i.e. more water column mixing and lower
stratification). Once a certain amount of turbulence was reached and surpassed, ingestion rates
fell again. This indicates that there could be an optimal range for water column stratification
where age-0 pollock increase their chances for prey encounters, without their foraging success
being compromised by high turbulence. Evidence for this dome-shaped relationship has also
been found by Mueter et al. (2006), specifically between age-0 pollock (log-survival) and wind

mixing, which is related to stratification.
4.4 Links between surface silicic acid, PP and fish

A nonlinear relationship was observed between surface silicic acid and the body weight of
age-0 pollock in September for years from 2006 to 2012 (Fig. 5C). A possible saturation
response may be proposed from a plot of AOW vs. silicic acid, with a significant linear trend
observed for silicic acid values less than ~6 uM, though additional data are needed in order to
verify this relationship. This suggests that increases in nutrient flux and subsequently summer PP
above a threshold level may provide more food (production) than needed for age-0 pollock
growth. These results suggest a possible link between age-0 pollock condition during late
summer, nutrient input and PP. The importance of lipid storage and growth for juvenile fish that
occurs during the long period of summer and fall could ultimately be responsible for their
overwinter survival (Coyle et al., 2011; Siddon et al., 2013; Sigler et al., this issue). Therefore,
2007 stands out as an anomalous year in the south EBS for fitness of age-0 and other juvenile

fish (Farley et al., this issue) among years with colder spring and summer water temperatures.
5. Summary

Oceanographic conditions and phytoplankton productivity throughout the growing season in
the south EBS may help to explain interannual variations in ecosystem dynamics and forage fish
condition as winter approaches. The year 2007 stands out as an example of anomalous conditions
(within average and cold years), where we see the importance of summer oceanographic
conditions and nutrient availability on production and biomass of phytoplankton, and transfer of
energy up the food web. Spring conditions play an important role in the setup of energy-rich
large crustacean zooplankton communities that ultimately provide for increased growth and lipid

storage in juvenile fish during summer (Sigler et al., this issue). However, summer PP is also
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required to sustain zooplankton growth over the growing season. The year 2007 appeared to have
a good spring setup, with southerly ice extent likely providing an early food source of ice algae
or phytoplankton (Baeir and Napp, 2003). However, in summer, reduced mixing, likely led to
low surface nutrient flux, indicated by low levels of silicic acid and low PP. Low phytoplankton
production during summer, in addition to high surface temperatures (increasing metabolic
demands) may have reduced the health and abundance of large zooplankton (e.g. Calanus spp.
had lower biomass [Eisner et al., 2014 ] and contributed less to age-0 pollock diets in 2007 than

in most later years), and led to smaller less energy-rich fish just prior to winter.
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792 Tables

793  Table 1. Average mixed layer depth (m), surface temperature (mean above the mixed layer

794  depth, °C), bottom temperature (mean below the mixed layer depth, °C), and start and end dates
795  for sampling in Region 3 during BASIS late summer/early fall surveys. Minimum and maximum
796  values are bolded for each category.

797
Mixed
Layer Temp Temp Sampling Sampling
Year Depth surface bottom start end
2006 19.2 9.85 4.13 20-Aug 3-Sep
2007 174 10.85 2.86 16-Aug 13-Sep
2008 19.7 8.85 2.86 12-Sep 26-Sep
2009 19.2 7.81 2.55 4-Sep 27-Sep
2010 18.1 8.49 2.2 19-Aug 16-Sep
2011 21.5 8.55 3.94 24-Aug 19-Sep
2012 19.1 8.58 1.99 24-Aug 13-Sep
798
799
800
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803
804
805
806
807

808

809

Table 2. P-values (Kruskal-Wallis rank sum test, a = 0.05) to investigate interannual differences
in surface PP (absolute uptake and uptake normalized to Chl a and to PAR), surface silicic acid,
surface Chl a, and surface >10 um Chl a for 2006-2012, unless otherwise noted. Data are from
PP station locations (Fig. 1) with the exception of 2008 and 2012, which are from Region 3, on
the southeast middle shelf. The last column shows year pairs with significant differences (P <
0.05) using Student Newman-Keuls test for log transformed surface silicic acid, surface Chl a
and >10 pm Chl a; see Appendix Tables A1, A2, A3 for details. N/A indicates a lack of data.

PP parameter Factor Test P-Value Year pairs with significant
differences
Year (06-11), | Kruskal-
Absolute Uptake exclude 08 Wallis 0.008 N/A
Uptake normalized to Year (06-11) | Kruskal-
Chl a exclude 08 Wallis 0.02 N/A
Uptake normalized to Year (07,09, | Kruskal-
Chl a and PAR 10) Wallis 0.009 N/A
Log transformed One way
Silicic acid Year (06-12) | ANOVA | << 0.01 2007 < all years
One way
Log transformed Chl a | Year (06-12) | ANOVA | 0.012 2007<2009, 2011
2007<2009
Log transformed >10 One way 2008<2009
um Chl a Year (06-12) | ANOVA | << 0.01 2012<2006, 2009, 2011
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815

816

Table 3. MODIS satellite ocean color data for Region 3 Chl a depicting the spring and autumn
bloom peak months, and the mean Chl a (mg m™) and standard error (SE) for spring (March-

May), summer (June-Aug) and March-August, 2006-2012. Grand mean for 2006-2012 shown for
comparison. ANOVA P-values indicate no significant differences among years.

Year Spring | Autumn | Mar-May Jun-Aug Sep-Oct Mar-Aug
Peak Peak Chl a Chl a Chl a Chl a

Mean +SE Mean +SE Mean +SE Mean +SE

2006 Jun Sept 1.30 +0.21 1.54 +0.75 1.29 +0.07 1.22 +0.33

2007 Apr Sept 1.84 +0.73 0.86 +0.11 1.24 +0.24 1.16 £0.37

2008 May Sept 1.35 +0.44 0.75 £0.15 1.32 +0.31 0.90 +0.23

2009 May Sept 1.98 +£0.92 1.20 +0.23 1.84 +0.08 1.36 £0.43

2010 May Sept 4.51 £1.94 0.99 +£0.26 1.61 +0.16 2.36 £1.09

2011 May Sept 2.00 +£0.74 1.13 +0.17 1.40 +0.00 1.34 +0.36

1.32 +0.20

2012 Apr Oct 3.95+2.15 0.76 £0.11 2.02 +1.11

All years

Grand mean 242 1.03 1.43 1.48

ANOVA

P-value P>04 P>0.6 P>03 P>0.6
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817  Table 4. Mooring 2 date and magnitude (Chl a, mg m™) of the spring bloom maximum (Max Chl
818  a) from surface Chl a fluorescence data (reproduced from Sigler et al., 2014) and date and

819  magnitude of post bloom surface silicic acid (Si, uM) including, mean, standard deviation

820  (stdev), number of stations (N) for 2006-2011. N/A indicates a lack of data.

Year | Date Conc. Date Mean St dev N
Max Chl a | Max Chl a | Post-bloom | Post-bloom | Post-bloom | Post- bloom

Si Si Si Si

2006 | 14-Jun 28.1 N/A N/A N/A N/A

2007 | 25-Apr 9.7 10-May 0.77 0.28 3

2008 | 2-May 20 N/A N/A N/A N/A

2009 | 4-Jun 9.0 18-Jun 0.14 0.05 2

2010 | 6-May 16.1 31-May 1.17 0.91 8

2011 | 7-Jun 18.5 N/A N/A N/A N/A

821
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822  Table 5. Pearson’s product correlation coefficients showing averages (2006-2012) for surface
823  silicic acid (Si(OH)s4, uM), surface (Surf) Chl a (mg m?), integrated (Int) Chl a (mg m™) in

824  Region 3 and age-0 pollock weight (AOW (g)) in the southeastern Bering Sea (south of 60°N).
825  Pearson correlation (r) is shown as the top number, with P-value below. Statistically significant
826  values are given in bold font.

827

828 AOW Si(OH)4 Surf Chl a
829  Si(OH)4 0.558

830 0.193

831

832  Surf Chla 0.430 0.838

833 0.336 0.018

834

835 IntChla 0.015 0.701 0.782
836 0.974 0.079 0.038
837

838
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839  Table 6. Ichthyoplankton spring survey sampling date, number of stations, May sea surface
840 temperature, and predicted date of peak egg abundance from a generalized additive model for
841  2006-2010 and 2012 (see text).

842
Predicted date of peak egg
Year Dates sampled # Stations | May SST! (°C) abundance
2006 | 15 Apr—23 Jun 126 1.29 28 Apr
2007 | 12 Apr —30 Jun 80 1.22 13 May
2008 | 18 Feb — 28 Jun? 61 0.59 18 May
2009 | 2 Mar — 30 Jun® 92 1.31 9 May
2010 | 28 Apr—29 Jun* 102 0.68 14 May
2012 29 Apr — 1 Jun 188 -0.04 30 May

843  'May sea surface temperature in the southeast Bering Sea. Data from

844  www.beringclimate.noaa.gov.

845  2Only 3 stations sampled in February, remaining stations sampled in May and June
846  3Only 1 station sampled in March, remaining stations sampled in May and June
847  “Only 1 station sampled in April, remaining stations sampled in May and June

848
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Table 7. Number of days for walleye pollock eggs to reach 50% hatching based on May sea
surface temperature (see Table 6). Hatching period represents the days during which all eggs are
expected to hatch based on the days to 50% hatch. Estimated hatching dates are based on eggs
being fertilized on the date of peak egg abundance shown in Table 6, and were calculated from
that date and the days of the hatching period.

Year Days to 50% hatch Hatching period (days) Estimated hatching dates
2006 32 26.5-37.5 25 May — 5 June
2007 32 26.5-37.5 9 June — 20 June
2008 36 30.5-41.5 18 June — 29 June
2009 32 26.5-37.5 5 June — 16 June
2010 35 29.5 —40. 13 June — 24 June
2012 39 33.5-44.5 3 July — 14 July
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Table 8. Mean standard length (SL, mm) and standard error (SE) of walleye pollock larvae
sampled from the Pribilof Islands spawning area of the south EBS used for size comparisons
among the years 2007, 2009, 2010, and 2012.

Year Sampling Date No. Stations No. Larvae* Mean SL + SE®
2007 9 — 14 May 28 734 4.87 £0.03
2009 8 — 10 May 8 34 4.46 +0.09"
2010 13 — 16 May 21 275 4.31 £0.04"
2012 25 - 31 May 53 1959 4.84 +0.02

number of larvae measured

Pmean standard length + standard error

“indicates sizes that were significantly different (P < 0.05) from 2007
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Figure captions:

Figure 1. Primary production experiment station locations in the southeastern Bering Sea (south
of 60 °N), labeled by year, overlain with Bering Sea Project Regions (grey lines). Some years

have overlapping locations. Depth contours are every 50 m bathymetry (thin black lines).

Figure 2. Box and whisker plots depicting the median (solid horizontal line), mean values (circle
with cross), and extremes (whiskers) of surface (A) absolute PP uptake (mg C mhr'), (B)
silicic acid (Si) concentrations (uM), (C) Chl a concentrations (mg m), and (D) >10 um Chl a
concentrations (mg m~). Data are from primary production station locations (Fig. 1) with the
exception of 2008 and 2012, which are from Region 3, on the southeast middle shelf. Asterisks
indicate outliers from 95% CI. Outliers for 2007 in panels A, B, and C are from the same date
and location near the Pribilof Islands (57.5°N, 168.77°W). The number of samples for each year

is shown along x-axis.

Figure 3. Line graph of monthly mean MODIS satellite Chl a (mg m~) data (Apr-Oct) for years
2006-2012 for Region 3. Intended for color reproduction on the Web and in print.

Figure 4. (A) Surface silicic acid (Si, uM), and (B) surface DIN (N): Si (M: M) for the eastern
Bering Sea shelf during mid-August to early October 2007. The oval highlights Region 3.

Intended for color reproduction on the Web and in print.

Figure 5. Interannual variability of (A) normalized surface silicic acid (Si) and normalized
surface Chl a, (B) normalized silicic acid (S1) and normalized mean weights of age-0 pollock
(weight), and (C) mean age-0 pollock weights (AOW, g) as a function of surface silicic acid (Si,
uM). Silicic acid and Chl a data are from Region 3 while age-0 pollock weights are from all

stations in the southeastern Bering Sea.

Figure 6. Box and whisker plot of late summer 30-60 m silicic acid ((Si) SiO4 uM)
concentrations (below the pycnocline) for Region 3. The only significantly different year was

2011 (P <0.05, ANOVA).

Figure 7. Regression of surface PP (mg C m™ h'! vs. integrated PP (mg C m™ h*! from stations in

the southeastern Bering Sea (Fig 1; R>=0.70, P < 0.001).
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Figure 8. Box and whisker plots of age-0 pollock weight (AOW, g) showing medians, means, and

extremes for the southeastern Bering Sea as in Fig. 2.

Figure 9. Age-0 pollock diet data for 2006-2012 from the southeastern Bering Sea. Percentages
in pie charts are listed for those species that make up proportionally 20% or more wet weight in

any given year. Intended for color reproduction on the Web and in print.

Figure 10. The number of age-1 recruits (overwinter survivors from age-0, y-axis) per unit
biomass of female spawners as a function of the average energy content (kJ per fish) of age-0
pollock in the southeastern Bering Sea (x-axis, R? = 0.58). Open circles show warm years in the
southeastern Bering Sea, filled circles are cool years and the gray symbol was a transition year.
Numbers above the symbols represent the year for age-0 pollock. The year 2008 was omitted due to

a reduced sample grid.
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Category
[ Brachyura
[ Tortanusdiscaudatus
[[] ysanoessa spp
[ Thysanoessa spinifera
[0] Thysanoessa raschii
[C] Thysanoessa inermis
[ Themisto spp
[[] Themisto pacifica
[[] Themisto libellula
[C] psuedocalanusspp
[ Pagurusspp
[l Parasagitta elegans
[] oithona similis
[ Neocalanus cristatus
. Neocalanus plumchrus
2 oikopleura spp
[ Limacina helicina
7] Mysida
A Fish
[Z] Gammaridae
A Euphausiacea
[ Decapoda
7] Epilabidocera amphitrites
[ Eucalanusbungii
[Z] cumacea
B calanusspp
[ Caridea

[7] Ccopepoda
. Centropages abdominalis

[ Chaetognatha
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