NoO s, WN -

10

11

12

13
14
15
16
17
18

19

20

21

22

23

24

25

26

This is the accepted version of the following article: Variation in the distribution of Yellowfin
Sole Limanda aspera larvae in warm and cold years in the eastern Bering Sea, which has been
published in final form in Fisheries Oceanography at https://doi.org/10.1111/fog.12565. This
article may be used for non-commercial purposes in accordance with the Wiley Self-Archiving
Policy [http://www.wileyauthors.com/self-archiving].

Variation in the distribution of Yellowfin Sole Limanda aspera larvae in warm and cold years in

the eastern Bering Sea

Steven M. Porter

Correspondence

Steven M. Porter, Recruitment Processes Program, Resource Assessment and Conservation
Engineering Division, Alaska Fisheries Science Center, NOAA, National Marine Fisheries
Service, 7600 Sand Point Way NE, Seattle, Washington 98115, USA

Email: steve.porter@noaa.gov




27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract

Multi-year periods of relatively cold temperatures (2007-2013), and warm temperatures (2001-
2005 and 2014-2018) altered the eastern Bering Sea ecosystem, affecting ocean currents and
wind patterns, plankton community, and spatial distribution of fishes. Yellowfin Sole Limanda
aspera larvae were collected from the inner domain (< 50 m depth) of the eastern Bering Sea
among four warm years (2002, 2004, 2005, 2016), an average year (2006), and three cold years
(2007, 2010, 2012). Spatial distribution and density of larvae among those years was analyzed
using generalized additive models that included timing of sea-ice retreat, areal coverage of water
< 0° C, and water temperature as covariates. Analyses indicated a combination of temperature
effects on the location and timing of spawning, and on egg and larval survival may explain the
variation in larval density and distribution among years. During warm years, higher density and
wider spatial distribution of larvae may be due to earlier spawning, an expansion of the spawning
area, and higher egg and larvae survival due to favorable temperatures. Larval distribution
contracted shoreward and density was lower during cold conditions, and was likely due to fish
spawning closer to shore to remain in preferred temperatures, later spawning, and increased
mortality. Predicted drift trajectories from spawning areas showed that larvae would reach
nursery grounds in most years. Years when the drift period was longer than the pelagic phase of
the larvae occurred during both warm and cold conditions indicating that settlement outside of

nursery areas could happen during either temperature condition.
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1. INTRODUCTION

The larval stage of flatfishes connects spawning area to juvenile nurseries. Changes in
spawning location may affect the ability of larvae to reach nursery areas, and flatfish larvae must
reach suitable benthic habitat for settlement and continued growth and development (Duffy-
Anderson et al., 2015). Flatfish larvae are planktonic, offshore spawning flatfish species use
currents to transport larvae to nursery areas and nearshore spawning species rely on retention
features to maintain larvae near nursery areas (Duffy-Anderson et al., 2015). Juvenile flatfishes
have specific habitat preferences (e.g., sediment grain size and temperature; Duffy-Anderson et
al., 2015) and success in reaching nurseries may play a role in recruitment variability in flatfishes
(Bailey et. al, 2008). Multi-year periods of warm and cold temperature conditions observed in
the southeastern Bering Sea from 2001 to 2018 (Stabeno and Bell, 2019) affected the extent of
flatfish spawning habitat (e.g., Porter and Ciannelli, 2018) and accessibility to their nursery areas
(e.g., Cooper et al., 2014). For example, the spawning area of Flathead Sole Hippoglossoides
elassodon expanded during warm conditions (Porter and Ciannelli, 2018). The transport patterns
of Northern Rock Sole Lepidopsetta polyxystra larvae to a northern nursery area varied due to
differences in the direction of near-surface currents between warm and cold years (Cooper et al.,
2014). Larvae were transported to that nursery in warm years and in cold years larvae were
transported offshore (Cooper et al., 2014).

The eastern Being Sea shelf is divided at ~60° N latitude into northern and southern regions
based on differences in the physical oceanographic properties and biology of the two areas. In
the northern region, sea-ice arrives earlier and persists longer than in the south, shelf water is
colder and relatively fresh, and a predominantly benthic food web occurs there (Stabeno et al.,
2010; Stabeno et al., 2012a). The southern region is warmer and saltier, and primarily supports a
pelagic food web (Stabeno et al., 2010; Stabeno et al., 2012a). Temperature conditions in the

3
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eastern Bering Sea can vary interannually or persist through multi-year periods of warm or cold
conditions. The northern region had no trend in the timing of the arrival, duration, or retreat of
sea-ice in years prior to 2015, but in 3 out of the 4 years from 2014 to 2018, ice formed later and
melted earlier there than previous years (Stabeno et al., 2019). Winter sea-ice coverage in the
southern region is more variable than in the northern region (Stabeno and Bell, 2019). Prior to
2000 the interannual variability of the extent of sea-ice on southeastern Bering Sea shelf was
high (Stabeno et al., 2012b). Beginning in 2001 the shelf alternated between multi-year periods
of warm (2001-2005, 2014-2018) and cold (2007-2013) conditions (stanzas) during the spring,
summer and fall (Stabeno et al., 2012b). Major characteristics of warm years are relatively low
areal sea-ice extent, winds out of the south, and near surface current direction is variable and
relatively weak (Stabeno et al., 2012b). Cold years are characterized by high sea ice extent,
winds out of the northwest, and near surface currents have a significant westward component
(Stabeno et al., 2012b). The stanzas altered the ecosystem, affecting ocean currents and wind
patterns, zooplankton types and abundance, and spatial distribution of fishes (Stabeno et al.,
2012b; Barbeaux and Hollowed, 2018; Stabeno and Bell, 2019). On the southeastern Bering Sea
shelf, water from melting sea-ice mixes in the water column to create a bottom layer of cold
water 40 to 50 m thick in the middle domain (50 to 100 m depth, Fig. 1) that persists in the late
spring and summer (called the “cold pool”, identified by water temperatures < 2° C; Stabeno et
al., 2001). The spatial extent of the cold pool varies interannually depending on the coverage of
winter sea-ice. In warm years the extent of the cold pool is limited farther north than in cold
years, when it can extend southward down the middle domain as far as the Alaska Peninsula

(Kotwicki and Lauth, 2013).
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Yellowfin Sole (YFS) Limanda aspera are one of the most abundant flatfish species in the
eastern Bering Sea and are the basis for the largest flatfish fishery in the world (Spies et al.,
2019). The fishery occurs year round, and the largest catches occur in spring and early summer,
and late summer and early fall (Spies et al, 2020). Commercial fishing mostly occurs in the
middle and inner (< 50 m depth) domains of southeastern Bering Sea shelf (Spies et al, 2020;
Fig. 1). In 2018, the commercial catch totaled more than 280 million pounds with a value of
more than $60 million (Retrieved June 2021 from
https://www.fisheries.noaa.gov/species/yellowfin-sole#overview). Beginning in April or early
May as the sea-ice edge recedes and temperatures warm, YFS migrate eastward from wintering
grounds located west of the Pribilof Islands near the shelf break (approximately 200 m depth)
and near Unimak Island (Wakabayashi, 1989) to nearshore waters (inner domain) of the Alaska
coast for feeding and spawning (Wilderbuer et al., 2018; Fig. 1). Based on tagging studies, the
Pribilof Island group migrates to areas north and south of Nunivak Island, and the Unimak Island
group migrates to those same areas and additionally to Bristol Bay (Wakabayashi, 1989; Fig. 1).
Spawning occurs from Bristol Bay to near St. Lawrence Island (Bakkala, 1981) from mid-May
through August and possibly into September (Waldron, 1981). The majority of spawning takes
place in depths < 30 m (Nichol, 1995), and may occur as deep as 50 m (Wakabayashi, 1989).
YFS eggs are pelagic (Matarese et al., 2003), they are spawned in an uninterrupted succession of
batches, and adults remain in the spawning area until they are spent and then move to deeper
water (Nichol and Acuna, 2001). YFS may be able to spawn more than one series of batches
within a single year (Nichol and Acuna, 2001). Egg abundance determined from ichthyoplankton
surveys indicate that spawning is most intense south and southeast of Nunivak Island (Bakkala,

1981). For a closely related species, Yellowtail Flounder Limanda ferrunginea found along the
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Atlantic coast of North America (Cooper and Chapleau, 1998), time from fertilization to 50%
hatching was about 6 days at 8° C (Laurence and Howell, 1981). Pelagic phase of YFS larvae
varies between 30 and 60 days (Duffy-Anderson et al., 2015).

YFS spawn nearshore so oceanographic retention features are crucial to keep larvae near their
nursery areas (Duffy-Anderson et al., 2015). Weak currents (Kinder and Schumacher, 1981;
Stabeno et al., 2016) and a front located near the 50 m isobath (Coachman, 1986) are
oceanographic features that may help to retain YFS larvae in the inner domain. Juvenile YFS
inhabit the inner domain of the southeastern Bering Sea, ranging from Bristol Bay to Nunivak
Island (Bartolino et al., 2011; Yeung and Yang, 2017; Yeung and Yang, 2018), and are known to
be concentrated near Kuskokwim and Togiak Bays (Spies et al., 2019; Fig. 1). Norton Sound
may be a nursery area in the northern Bering Sea (Spies et al., 2019; Fig. 1). Larvae reaching
those areas for settlement is crucial for growth and survival of juveniles.

Temperature is an important factor affecting the timing of spawning and spatial distribution
of YFS in the eastern Bering Sea (Bartolino et al., 2011; Nichol et al., 2019), and therefore can
also affect the spatial distribution and abundance of YFS larvae. YFS spawning occurred earlier
during warm years as evidenced by an increase in spent females in water deeper than 50 m
during those years (Nichol et al., 2019). Sea-ice edge retreat can affect the timing of YFS
spawning because YFS follow the receding ice edge in their migration eastward in the spring
(Bakkala, 1981). Bottom trawl surveys conducted during warm, intermediate, and cold
temperature conditions indicated that the rate of migration to more northern waters of their
spawning area may be slower in cold years than in warm years (Bakkala, 1981). Adults avoid
temperatures colder than 0° C and their distribution expands northward as temperatures warm

and the cold pool contracts (Bartolino et al., 2011).
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The objective of this study was to evaluate the effects of timing of sea-ice retreat, areal
coverage of water colder < 0° C, and water temperature on the distribution and abundance of
YFS larvae in the inner domain of the eastern Bering Sea from ichthyoplankton surveys, and use
generalized additive models to assess how warm and cold years affected larval distribution.
Additionally, to relate how differences in environmental conditions among years could affect
larvae access to nursery areas. This study was limited to the inner domain because most YFS
spawning occurs within that domain (Nichol, 1995), and YFS nursery areas are located there
(Bartolino et al., 2011; Yeung and Yang, 2017; Yeung and Yang, 2018, Spies et al., 2019).
Differences in larval abundance and distribution within that domain among years could be the
result of shifts in the location or timing of spawning, changes in larval drift due to environmental
conditions, and temperature effects on larval survival. Location and timing of spawning are
thought to be connected to environmental conditions beneficial for early life survival such as
dispersal of larvae into favorable habitats, and overlap of larvae and their prey (Leggett, 1985;
Ciannelli et al., 2015), so any changes in timing or location can potentially have consequences on

early life survival and recruitment.

2. MATERIALS AND METHODS
2.1 Larvae collections

YEFS larvae were collected using a 60-cm bongo frame fitted with 505-pm mesh nets towed
obliquely to a maximum depth of 300 m or 10 m off bottom, whichever was shallower during
ichthyoplankton surveys conducted in the eastern Bering Sea by the NOAA, Alaska Fisheries
Science Center (AFSC; Matarese et al., 2003). The depth range for YFS larvae in the Bering Sea

is unknown, but larvae of Yellowtail Flounder are most abundant at 20 m depth during the day
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and near the surface at night (Smith et al., 1978). Northern Rock Sole Lepidopsetta polyxystra
larvae in the Bering Sea also show a similar vertical distribution, these larvae are near surface at
night (0-10m) and in the upper 30 m during the day (Lanksbury et al., 2007). If YFS larvae have
a similar vertical distribution as those species, then the net tows should have collected most of
the YFS larvae in the water column. Water temperature was measured using a Sea-Bird SBE 19
SeaCat or SBE 39 FastCat CTD profiler attached to the towing wire, or from CTD casts.
Ichthyoplankton samples were preserved in 5% formalin, and then larvae were sorted and
identified to species at the Plankton Sorting and Identification Center in Szczecin, Poland
(Matarese et al., 2003). The number of larvae caught was standardized to number/10 m? based on
net mouth area, tow depth, and tow duration (here after referred to as density; Matarese et al.,
2003), and data were retrieved from NOAA, AFSC ECODAAT ichthyoplankton database
(Retrieved May 2018 from http://ecodaat.afsc.noaa.gov/). Larvae were sampled from a
systematic grid design of fixed locations (Fig. 2). Years 2002, 2004-2007, 2010, 2012, and 2016
were chosen because for those years the inner domain was consistently sampled so that areal
coverage was similar (Fig. 2). Depth-averaged temperature measured at a mooring located near
the center of the southeastern Bering Sea shelf (middle domain; Fig. 1) was used to classify
water temperature conditions for the spring, summer, and fall in that region (warmer than
average, colder than average, or average, here-after referred to as warm, cold or average; Stabeno
et al., 2012b). Two warm periods (2001-2005, and 2014-2016), one cold period from 2007-2013,
and an average year (2006) were included in the years examined in this study (Stabeno and Bell,
2019). Temporal coverage varied by year and encompassed May through early October (Table

1). For years examined in this study, only one station was occupied in June, and no sampling was
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conducted in July. August and September were in common to all years. The YFS spawning
season is believed to be mid-May through August and possibly into September (Waldron, 1981).

Bottom water temperatures were measured during the annual AFSC summer eastern Bering
Sea bottom trawl surveys that began in early June and finished near the end of July or early
August. Temperatures were contoured using the Inverse Distance Weighted function in ArcMap
10.7 (ESRI Inc., 2018).
2.2 Generalized additive models

Generalized additive models (GAM) were used to analyze the spatial distribution and
abundance of YFS larvae among years. Covariates included in GAMs were near bottom
temperature (t; measured approximately 10 m off bottom from a bongo net tow or CTD cast),
location of a net tow (latitude (¢) and longitude ( 1)), Julian day (d) to account for differences in
larval density due to survey date, year (yr), ice retreat index (IRI), and ratio of area covered by
bottom water < 0° C to total bottom trawl survey area (RA0C). Location (latitude and longitude)
and depth on the eastern Bering Sea shelf are correlated because shelf bathymetry is relatively
flat with maximum depth at the shelf break (Stabeno et al. 2016), so any depth effect on larval
density was accounted for by latitude and longitude in the models tested. Year was used as a
factor, therefore affecting the model intercept. Sea-ice coverage and cold pool extent can vary
greatly between warm and cold years and are indicative of temperature conditions. Extensive
sea-ice, late sea-ice retreat, and cold pool extending far south in the middle domain are
characteristics of a cold year. Ice retreat index (IRI, retrieved November 2018 from
www.beringclimate.noaa.gov) is defined as the number of days after March 15 that the average
sea-ice concentration within a 2° x 2° box centered on a mooring located on the southeastern

Bering Sea shelf (Fig. 1) is > 10% of the total box area. IRI was included because YFS may
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follow the receding sea-ice edge during their eastward cross-shelf migration in the spring
(Bakkala, 1981) and this index could give an indication as to the relative timing of the arrival of
YFS adults to the inner domain. IRI also is indicative of temperature conditions, in that a later
ice retreat is associated with cold conditions. Ratio of area covered by bottom water < 0° C to
bottom trawl survey area (RAOC) represented the spatial extent of the portion of the cold pool
with bottom water < 0° C. The ratio is based on the total area covered by the AFSC summer
bottom trawl survey on the southeastern Bering Sea shelf. The spatial extent of water < 0° C
could alter YFS cross-shelf migration because adults avoid bottom water temperatures colder
than 0° C (Bartolino et al., 2011). Changes in migration pattern may affect spawning location
and therefore alter the spatial distribution and abundance of larvae.

Given the overdispersed nature of the data set (49% of the tows did not catch YFS larvae; see
Table 1 for variability of larvae density by year) a two-step approach to analyze and predict the
distribution of larvae was used (Fox et al., 2000). Both a binomial presence-absence model with
a logit link function, and a positive abundance model with lognormal distribution family (i.e., a
model using only tows with natural log transformed larval density > 0 as the response variable)
were formulated. The presence-absence model predicted the probability that YFS larvae were
present, and the positive abundance model predicted density of larvae. Spatially invariant and
spatially variable coefficient models (Bacheler et al., 2009) were formulated for both presence-
absence and positive abundance models. In the spatially invariant models the effects of near
bottom temperature, IRI, and RAOC can equally apply to all locations sampled and can be non-
linear:
logit(W) = ayr + si(t,...,) + s2(¢, A) + s3(d) + s4(IRI,) + s5(RA0C,) (1)

and
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In(x,, corammnc) = Qyr + S1(t:0) + 52(9, 4) + 53(d) + 54(IR1,) + 55(RAOC,,) + E., 6 sminincy 2)
where p1; is the probability of YFS larvae being present in the i sample, x is the local YFS larvae
density, a is the model intercept that varies according to year (subscript yr), s, are nonparametric
smoothing functions and £ is the error term. In the spatially variable coefficient models the
effects of IRI and RAOC were spatially variable, that is locally linear, but smoothly changing
over space:

logit(Li) = ayr + si(t....) + s2(9, 4) + s3(d) + s4(¢, A)IRL, + s5(9p, A)RAOC, 3)
and

IN(X,, conammnc) = Qyr + S1(t) + 52(9, 1) + 53(d) + s4(d, YIRL, + s5(¢, YRAOC, + &,.vsomunc. (4)
Variable selection for each model was based on Akaike Information Criterion (AIC) using a
backward stepwise process. AIC is a measure of the model goodness of fit (negative log-
likelihood) penalized by the model number of parameters. AIC score was also used to select the
formulation (i.e., spatially invariant or spatially variable coefficient model) for the
presence/absence and abundance models that were most supported by the data. Residuals for
each model were visually assessed to check for normality and independence. All models were
run in R version 3.6.1 (R Core Team, 2019) using the mgcv package (version 1.8-28; Wood,
20006).

The predicted larval density at each location was the product of the predicted values from the
best-fit presence-absence and positive abundance models. An advantage of the two-step
approach is that it takes into account the possibility that there are different processes affecting
the presence and density of larvae (Potts and Elith, 2006); that is, there can be different covariate
effects in each model. Contour plots of predicted larval density were made using the Inverse

Distance Weighted option in ArcMap 10.7 (ESRI Inc., 2018).
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2.3 Egg collections

To investigate whether variability in larval distribution between warm and cold conditions
could be related to changes in spawning location, egg data were used as a proxy for spawning
location. Distribution of eggs by bottom depth within the study area was used to indicate where
spawning was occurring to assist with the interpretation of the predicted distribution of larvae.
Eggs were collected from the same surveys that collected larvae, and abundance (number/10 m?)
was determined using the same methods described for larvae. Eggs were identified to genus
(Limanda sp.), and they were most likely YFS (Limanda aspera) because eggs were collected
from known YFS spawning areas during the spawning season, this species is one of the most
abundant flatfish species in the eastern Bering Sea (Wilderbuer et al., 2018), and eggs are pelagic
(Matarese et al., 2003). Positive egg abundance (> 0) from August and September in the southern
region of the study area was examined because those months were common to all years of this
study. The southern region of the study area was divided into three bottom depth intervals: < 30
m, 30 - 39 m, and 40-50 m. Years were grouped into cold (2007, 2010, 2012) and not-cold
(2002, 2004-2006, 2016) temperature categories because the shallowest bottom depth interval
was not sampled all years. An ANOVA using bottom depth interval and temperature category as
factors, and natural log transformed egg abundances as the dependent variable was run to
examine differences in egg abundance with depth. ANOVA and the Tukey HSD multiple
comparison test were run in R version 3.6.1 (R Core Team, 2019).
2.4 Larval drift

The Ocean Surface Currents Simulations (OSCURS) model
(oceanview.pfeg.noaa.gov/oscurs) that calculates water movement in the near-surface mixed

layer was used to examine YFS larvae drift during the spawning season for each year from three
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known spawning areas that are indicated in Figure 16 from Wakabayashi, 1989. OSCURS
calculates daily ocean surface currents anywhere in a 90-km ocean-wide grid from Baja
California to China and from 10° N to the Bering Strait using daily sea level pressure
(oceanview.pfeg.noaa.gov/oscurs). This model was appropriate to use for examining drift of YFS
larvae because larvae may be most abundant within 20 to 30 m of the surface during the day and
near the surface at night if their vertical distribution is similar to Yellowtail Flounder larvae
(Smith et al., 1978) and Northern Rock Sole (Lanksbury et al., 2007). The same starting location
within each spawning area was used for all years so that the ending location would only be due
to winds during that year, and not be confounded with starting location. Starting point was
located near the center of each spawning area and at < 30 m bottom depth because larvae would
be expected to occur in high density there during both warm and cold conditions. Drift
trajectories for each year began June 1 and ended October 6, the latest day of this study (126
days later). June 1 was chosen as the starting date because it is near the beginning of the YFS
spawning season, and the study area was mostly free of sea-ice beginning that month for all
years (Historical Sea Ice Atlas, University of Alaska. 2020. Retrieved June 2020 from

http://seaiceatlas.snap.uaf.edu/).

3. RESULTS
3.1 Presence-absence and positive abundance models

The presence-absence model that best fit the data included near bottom temperature, location,
day, year, and spatially variable effect of IRI (Table 2, equation 3). Presence of YFS larvae
increased to about day 200 (late July; Fig. 3a). YFS spawn during late spring and summer

(Nichol, 1995) and the increase in the probability of larval presence during that time is most
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likely due to increased spawning activity. Larvae were most likely to be present from Bristol Bay
to Norton Sound (Fig. 3b), areas that include known YFS spawning areas (Bristol Bay, and north
and south of Nunivak Island; Wakabayashi, 1989). The probability of larvae being present
increased in an easterly direction (that is, as depth became shallower; Fig. 3b). The majority of
spawning takes place in depths <30 m (Nichol, 1995), this can account for the increase in larvae
presence toward shore. Probability of larvae being present increased as near bottom temperature
warmed to 10° C, and for temperatures warmer than 10° C the probability decreased suggesting
that larvae may have reached a thermal limit (Fig. 3c). The spatially variable effect of IRI
showed the highest probability of presence was in the northwest region (Fig. 3d). This may be
the result of the timing of sampling and delayed spawning due to cold conditions. Based on
median sampling date, sampling in the southern region (< 60° N) was about one month earlier
than in the northern region for most years (except for 2006 and 2016; Table 1). If spawning were
delayed due to cold conditions, there would be fewer larvae present in the southern region one
month earlier than when the northern region was sampled. There was no trend for the partial
effect of year with respect to warm and cold conditions. Most years showed either no effect or a
negative on presence, the exceptions were two warm years (2004 and 2016) that positively
affected presence (Fig. 3e).

The model that best fit the density of larvae included near bottom temperature, location, day,
year, spatially variable IRI, and spatially variable RAOC (Table 2, equation 4). Peak larval
density occurred about day 220 (early August; Fig. 4a). Highest density occurred between Bristol
Bay and Nunivak Island (Fig. 4b). Density increased as near bottom temperature warmed to
about 10°C similar to the presence/absence model (Fig. 4c). The spatially variable effect of IRI

showed an increase in density nearshore, suggesting that as ice retreated later in the spring
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(indicating cold conditions), larvae tended to be distributed closer to shore (Fig. 4d). The
spatially variable effect of RAOC indicated an increase in density in the northern region (Fig. 4e),
and that may be the result of the timing of sampling and delayed spawning due to cold
conditions, as described for the presence/absence model. Generally, warm years showed a
positive effect on density, and cold years (2010 and 2012, the coldest years of this study; Stabeno
et al., 2017) had a negative effect on density (Fig. 4f).
3.2 Predicted larval density

Predicted larval density from mid-August through September/early October was examined
because this time period was in common to all years and covered the entire study area each year.
Distribution and density of larvae in the southern region was more variable than the northern
region (Fig. 5). In the northern region, the highest density of larvae was consistently between the
30 m isobath and the coastline, and density decreased during cold conditions (Fig. 5). In the
southern region during warm years the density of larvae was highest and they were distributed
throughout this region (2002, 2004, 2005, 2016; Fig. 5a, b, c, h). The extent of water < 0° C was
northern most and smallest during that time (Table 1, Fig. 6a, b, c, h). As the area of 0° C water
became larger and extended southward (indicating colder conditions, Fig. 6d, e, f, g), the density
of larvae between the 30 m and 50 m isobaths in the southern region decreased, and highest
density was located between 30 m depth and the coastline showing a shift in density shoreward
(Fig. 54, e, f, g). Density of larvae in the southern region was lowest during the two coldest years
(2010 and 2012; Fig. 51, g). The effect of cold conditions was not as apparent for 2007 (Fig. Se)
possibly because this was the first year of the cold stanza and it takes two or more consecutive

cold years for effects to become clear (Stabeno et al., 2017). A mismatch between survey timing
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and larvae because of delayed spawning during cold conditions could have also contributed to
differences in larval density between warm and cold years.
3.3 Distribution of eggs

Egg abundance varied with bottom depth between warm and cold conditions as indicated by a
significant interaction between bottom depth interval and temperature category (ANOVA, F2,170
=5.59, p=0.004). During cold conditions, eggs were significantly more abundant in the
shallowest bottom depth interval (< 30 m) compared to the deepest interval (40 — 50 m; Tukey
HSD multiple comparison test, p = 0.008; Fig. 7). Egg abundance in the intermediate bottom
depth interval (30 - 39 m) was also significantly larger than deepest interval (p = 0.02; Fig. 7).
Abundance was not significantly different between the shallowest and intermediate intervals (p =
0.52; Fig. 7) even though the difference in mean egg abundance between those intervals
(1258.29 eggs/10 m?) was larger than the difference between the intermediate and deepest
intervals that were significantly different (652.44 eggs/10 m?). The lack of a significant
difference between the shallowest and intermediate intervals could be due to low statistical
power because of small sample size for the shallowest interval (n =4; n =20 and 31 for the
intermediate and deepest intervals respectively). During cold conditions egg abundance most
likely was highest in the shallowest bottom depth interval (< 30 m depth) suggesting that adults
stayed near the coastline to spawn where warmest temperatures were located (Fig. 6e, f, g; Fig.
7), and that coincides with where larval density was highest (Figs. Se, f, g). Egg abundance was
not significantly different among bottom depth intervals for not-cold conditions (Tukey HSD
multiple comparison test, p > 0.98; Fig. 7) suggesting that spawning was spread across the
southern area during warm and average conditions, and this is consistent with the predicted

larval distribution.
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3.4 Drift

Drift of larvae out of the study area was most likely minimal because almost all trajectories
ended within the inner domain (Fig. 8). Drift trajectories from June to October mostly followed
wind patterns typical of warm and cold years, that is, winds out of the north during cold years,
and from the south during warm years (Stabeno et al. 2012a). Drift from spawning sites during
the cold years 2007 and 2012 was southward (Fig. 8a, b, ¢), and drift in 2010 began as southward
and then reversed direction to northward indicating that wind had changed direction (Fig. 8a, b,
¢). Direction of drift during average or warm conditions was variable. Drift trajectories ranged
from to the north, northeast, or northwest as would be expected for warm conditions (Stabeno et
al. 2012a), but also could be to the south, or southeast depending on the year (Fig. 8d, e, f). For
most years, drift trajectories from the three spawning areas showed that larvae could reach
known or hypothesized YFS nursery areas (Norton Sound, Kuskokwim Bay, Togiak Bay, and
Bristol Bay; Yeung and Yang, 2018; Spies et al., 2019; Fig. 8).

Bristol Bay spawning area

For all years, drift from this spawning area ended in or near known or hypothesized nursery
areas. In years 2002, 2004, and 2005, drift trajectories were to the northwest toward the southern
side of Cape Newenham or to Hagemeister Island (Fig. 8d). Those locations are near Togiak Bay
that is thought to be a YFS nursery area (Fig.1; Spies et al., 2019). Drift in 2010 was to the north
toward Togiak Bay, but rather than a direct route as in warm years (2002, 2004, and 2005), drift
started to the southwest away from the coastline and then reversed direction heading toward the
coast indicating that wind direction had changed during the drift period (Fig. 8a). Drift was to the
southeast across Bristol Bay to the Alaska Peninsula for years 2006, 2007, 2012, and 2016 (Fig.

8a, d), and in those years drift was the longest duration to reach the coastline among all years
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(Table 3). The duration of drift in 2006 and 2016 (66 days and 42 days, respectively, Table 3)
showed that larvae may not have reached nursery areas at the end of their pelagic phase because
the pelagic phase of YFS larvae may last 30 to 60 days (Duffy-Anderson et al., 2015).

Spawning area south of Nunivak Island

Drift from this spawning area ended near or inside Kuskokwim Bay (2005, 2007, 2012, and
2016), at the southern end of Nunivak Island (2002, 2004, and 2010), or did not reach a nursery
area (2006; Fig. 8b, e). Drift trajectories showed that larvae could remain in the area between
Cape Newenham and Nunivak Island near Kuskokwim Bay where juvenile YFS are found
(Bartolino et al., 2011; Yeung and Yang, 2017). For the years 2004, 2005, and 2006, the period
of time spent drifting towards nursery areas was considerable (Fig. 8b, e; Table 3). Larvae could
drift 73 (2004) and 106 days (2005) before reaching a nursery area (Table 3), and in 2006 drift
trajectory indicated that larvae would not reach a nursery area.

Spawning area north of Nunivak Island

Drift in 2004, 2005, and 2010 was due north past the Norton Sound nursery so settlement of
those larvae may have occurred in poor quality habitat (Fig. 8c, f). For 2002, 2006, 2007, and
2012 drift was due south to Nunivak Island, and 2016 drift track was to the northeast toward the
coastline (Fig. 8c, f). Drift in 2002 showed a prolonged duration to reach nursery areas (98 days
to reach Nunivak Island), indicating that larvae may have had to settle outside of nursery areas in

unfavorable habitat (Fig. 8f; Table 3).

4. DISCUSSION
Results of this study indicate that variation in the distribution and density of YFS larvae in the

inner domain of the eastern Bering Sea among warm and cold years may be explained by a
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combination of temperature effects on the extent of the spawning area and timing of spawning,
and on the survival of eggs and larvae. IRI was a significant covariate in both the best-fit
presence-absence and larval density models, and was an indicator of temperature conditions, in
that sea-ice retreated earlier in warm conditions and later during cold conditions (Table 1). The
YFS commercial fishery most likely had little effect on the distribution of eggs and larvae in this
study because YFS are not an overfished species and total allowable catch is typically not caught
(pers. comm. Ingrid Spies, NOAA, Alaska Fisheries Science Center). Additionally, fishing
occurred in a similar area each year regardless of temperature condition (Spies et al., 2020). In
the southern region, the spatial extent of the predicted larval distribution varied with temperature
conditions. Larvae were widespread across that area during warm years and they were distributed
closer to shore in cold years. The difference in spatial distribution between temperature
conditions could be the result of changes in the extent of the spawning area as adults moved to
stay in preferred temperatures (1-7° C; Bartolino et al., 2011). Relatively warm bottom water
temperature caused the spawning area to expand to the west, and spawning area contracted to the
east when bottom water temperatures were cold. Previous studies showed that during both warm
and cold years, mature YFS females are found in the inner domain during the summer (Nichol et
al., 2019), and a majority of YFS spawning takes place in water < 30 m depth (Nichol, 1995).
Results here suggest that during warm conditions, the spawning area may expand westward
beyond 30 m depth because of favorable temperatures extending offshore. A previous study
showed that YFS adults moved northward in the eastern Bering Sea in response to warming
temperatures (Bartolino et al., 2011) suggesting that spawning YFS could follow warm water
offshore leading to an expansion of the spawning area. Regardless of temperature condition, the

highest density of larvae in the northern region was located between the coastline and 30 m
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depth. The consistent distribution of larvae in the northern region among years may be due to
less interannual variability in temperature in that area compared to the southern region (Stabeno
etal., 2012a).

Temperature conditions altering the location of YFS spawning within the inner domain is
supported by differences in the distribution of their eggs with bottom depth between warm and
cold conditions. Currents in the inner domain are weak (Kinder and Schumacher, 1981; Stabeno
et al., 2016) so egg distribution should show approximately where spawning occurred. During
cold conditions, egg abundance was skewed toward shallow water (< 30 m depth), suggesting
that spawning YFS adults avoided the relatively cold temperatures in deeper water and remained
in warmer waters near shore. Egg abundance was similar among bottom depth intervals when
relatively warm water occurred throughout the inner domain indicating a westward expansion of
the spawning area during warm conditions. Expansion of the spawning area of Flathead Sole
Hippoglossoides elassodon during warm conditions in the Bering Sea has also been observed
(Porter and Ciannelli, 2018). It is acknowledged that in the present study, bottom water
temperature measurements were taken earlier (June through July/early August, AFSC bottom
trawl survey) than when eggs and larvae were collected (mid-August through September), so
temperatures in the inner domain later in the summer may have been different than those shown
in Figure 6. Temperatures measured during the bottom trawl survey were used because they were
measured at the same time and location each year allowing consistent comparisons among years.

Results of this study suggest that not only can the location of YFS spawning be affected by
temperature, the timing of spawning may vary between warm and cold conditions as well. The
variability in the timing of spawning between temperature conditions could have resulted in the

observed differences in larval density among warm and cold years. Ichthyoplankton surveys
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were conducted at the same time of year, so if spawning were delayed during cold conditions
fewer larvae would be present than would be present during warm conditions. Timing of
spawning was not examined directly here because eggs were not sampled throughout the
spawning season, that is, only eggs sampled in August and September were in common to all
years. Earlier YFS spawning during warm conditions may be due to earlier seasonal gonadal
development, and/or increase in the rate of gonadal development, resulting in earlier spawning
migrations (Nichol et al., 2019). Additionally, migrations may begin sooner because of an earlier
ice-edge retreat or preferred bottom temperatures (Nichol et al., 2019).

In addition to impacts on the spatial extent and timing of spawning, results of this study
showed that temperature affected YFS larvae density. Density increased as near bottom
temperature warmed to 10° C suggesting early life survival improved during warm years and
may have contributed to larvae being more abundant during those years. Relatively warmer
temperatures may be beneficial for YFS egg and larvae survival because temperatures colder
than 4° C negatively affect survival of YFS eggs (Bakkala, 1981), and may also adversely affect
survival of YFS larvae. Four degrees Celsius is near the lower temperature limit of survival for
Yellowtail Flounder larvae, and Yellowtail Flounder larvae survival was highest when
temperatures were relatively warm, between 8° and 14° C (Howell, 1980; Laurence and Howell,
1981) supporting that warm temperatures are favorable for early life stages of YFS. Increased
YFS larvae density at warmer temperatures could also be related to earlier spawning during
warm years.

Apparent from drift trajectories was that depending on spawning location and year, the time
needed for larvae to reach nursery areas from spawning grounds could be longer than their

estimated pelagic phase (30 to 60 days; Duffy-Anderson et al., 2015). The spawning areas north
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and south of Nunivak Island had the most years that drift trajectories were longer than 60 days
before reaching the shoreline or that the trajectory never reached shore during the drift period
examined (Table 3). Environmental conditions (warm or cold year) during which the modeled
drift period was long (> 60 days) were inconsistent, that is, an extended drift period did not
consistently occur during only warm or cold conditions (Table 3). A potential consequence of a
prolonged drift period to reach nursery areas is that larvae would have to settle before they
arrived at a nursery, possibly in poor quality habitat. Early life survival is dependent upon
reaching nurseries with suitable qualities such as the preferred substrate type and prey
availability, and decreased juvenile growth and survival may result when settlement occurs
outside of nursery areas.

YFS adults and juveniles in the eastern Bering Sea moved northward during warming ocean
conditions (Bartolino et al., 2011). As the northern Bering Sea warms, increased abundance and
wider distribution of YFS larvae in that area could occur and resemble the southern region
during warm conditions. The northern region may not be as favorable for settlement of larvae in
suitable habitat as in the south because larvae that hatch from the northern spawning areas can
experience prolonged drift leading to settlement outside of nursery areas. The continued
warming of the eastern Bering Sea may result in temperatures in shallow nearshore nursery areas
increasing to the thermal limit of juvenile YFS negatively affecting their survival (Spies et al.,
2020). Spatial variability of the quality of juvenile YFS habitat in the eastern Bering Sea and
how that may affect juvenile growth and survival during warming ocean conditions requires
further study.

The northward movement of fishes in the eastern Bering Sea due to warm conditions (e.g.,

Stevenson and Lauth, 2019) can alter the interactions between juvenile YFS and both their
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predators and competing species. The predators of juvenile YFS are moving northward in
response to the eastern Bering Sea warming (Pacific Cod, Gadus macrocephalus; Stevenson and
Lauth, 2019). Cold pool extent limits the size of habitat available to YFS predators, and can
cause a concentration of predators in certain areas (Uchiyama et al., 2020) exposing YFS
juveniles to increased risk of predation. Northward shift in fish populations can also lead to
increased competition between species. For example, a warmer environment caused a northward
shift in juvenile Northern Rock Sole that increased their spatial overlap with juvenile YFS,
potentially increasing competition between these two species (Yeung and Cooper, 2020).

There is not a consistent trend between estimated recruitment of age-5 YFS and warm or cold
years (Spies et al., 2020) indicating the complex relationship between environmental drivers and
recruitment of this species. This study showed that changing environmental conditions affected
the spatial distribution of YFS larvae but how that may affect recruitment needs further study.
Success in reaching nurseries may play a role in recruitment variability in flatfishes (Bailey et.
al, 2008) suggesting that year class strength of YFS could be set at the late larval or juvenile
stage. Research related to the early life of YFS in the eastern Bering Sea (e.g., spatial variation in
the quality of juvenile nursery habitats) may identify mechanisms that affect recruitment during
changing climate conditions and aid in the effective management of this commercially important

species.
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FIGURE LEGENDS
Figure 1. The eastern Bering Sea shelf. The inner domain is located between the coastline and

depths < 50 m. The middle domain is 50 < depths < 100 m.

Figure 2. Observed Yellowfin Sole larvae density (number/10 m?) for 2002, 2004-2007, 2010,
2012, and 2016 used to model the effect of the timing of sea-ice edge retreat, spatial extent of

water < 0° C, and water temperature on the spatial distribution of larvae in the inner domain of
the eastern Bering Sea. For 2016 in the southern region, stations showing no larvae present (X)

were occupied in May and on June 1 (beginning of the Yellowfin Sole spawning season).

Figure 3. Partial effects for covariates included in the spatially variable coefficient generalized
additive model for Yellowfin Sole larvae presence/absence shown in Table 2, equation 3. a.
Effect of day of year. Rug on x-axis represents data. Grey area indicates 95% confidence
interval. b. Effect of location. Positive values are yellow, and negative values are orange and red.
c. Effect of near bottom temperature. Rug on x-axis represents data. Grey area indicates 95%
confidence interval. d. Spatially variable effect of ice retreat index. Positive values are yellow,
and negative values are orange and red. e. Effect of year as a factor. Warm years were 2002,
2004, 2005, and 2016; average year was 2006; cold years were 2007, 2010, and 2012. Dashed

lines show standard error.

Figure 4. Partial effects for covariates included in the spatially variable coefficient generalized
additive model for Yellowfin Sole larvae density shown in Table 2, equation 4. a. Effect of day

of year. Rug on x-axis represents data. Grey area indicates 95% confidence interval. b. Effect of
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location. Positive values are yellow, and negative values are orange and red. c. Effect of near
bottom temperature. Rug on x-axis represents data. Grey area indicates 95% confidence interval.
d. Spatially variable effect of ice retreat index. Positive values are yellow, and negative values
are orange and red. e. Spatially variable effect of ratio of area covered by bottom water < 0° C to
total bottom trawl survey area. Positive values are yellow, and negative values are orange and
red. f. Effect of year as a factor. Warm years were 2002, 2004, 2005, and 2016; average year was

2006; cold years were 2007, 2010, and 2012. Dashed lines show standard error.

Figure 5. Predicted density of Yellowfin Sole larvae (In(number/10 m?)) in the inner domain of

the eastern Bering Sea for years 2002, 2004-2007, 2010, 2012, and 2016.

Figure 6. Bottom water temperature measured during the Alaska Fisheries Science Center annual
summer bottom trawl survey (June ~ late July or early August) in the southeastern Bering Sea for

2002, 2004-2007, 2010, 2012, and 2016.

Figure 7. Distribution of Limanda sp. eggs by bottom depth interval and temperature category in
the southern region of the study area. Not-cold category included years 2002, 2004-2006, 2016,

and cold category had 2007, 2010, and 2012. Mean + standard error is shown.

Figure 8. Drift trajectories starting from near the center of three Yellowfin Sole spawning areas

(Bristol Bay, South of Nunivak Island, and North of Nunivak Island, redrawn from Figure 16,

Wakabayashi, 1989; star indicates starting point of drift) in the eastern Bering Sea study area for
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789 2002, 2004-2007, 2010, 2012, and 2016. Drift period for each year was from June 1 to October

790 6.

36



175°W 170°W 165°W 160°W

.
™
\l‘
; ~
[Bt. Lawrence Islangd-——

i

60°NA 23 f__\ S:—Stl‘/b‘laﬂhew Island !

‘x’g Alaska

5
% Nunivak Island —*

%

i Kuskokwi Togiak Bay
3 Bay

Caﬁéﬂgwenham —
.,

i

3 S ... Hagemeister-.
N >Prlhllof lslands -, MG B

- e et

55°N-

£7155°N

37



17EFW O T0TW 1E5TW 1WOW 1E5W 160w ATOW 165TW ATEW AT0W 1B5TW
L 65

b - - =
170w 1BSW 180"W 170w TES W 160"W 1T0°W 165" W 160"W

1TEW 1T0TW 1ESTW ATETW IT0W 1B5'W  160°W

ITEW  1T0'W 165TW 180°W

BE N

G0N

AE,

ATOW 165"W 160"W 1T0W 1BSW 160"W AT0"W 165 1G0W

794

795  Figure 2

796

38



A

o

T T T T T
g 0 g o= Sb-
senle| Jo souasaid uo joayg

v9 29 09 85
spnyen]

200 250

Day of year

150

S 0 S V] Sl 1
aene| Jo aouasald uo joa3

Near bottom temperature

Longitude

-2016
F2012

' 2010

- 2007
- 2006
- 2005
2004
- 2002

Z9 09 85
apnie

Longitude

Year

797

Figure 3

798

799

39



o

II_'I_I {15 TTETRE T
2

-

iy |
12 14

6 8 10

4

(=]

L

aenie| Jo A)isusp uo joayg

0

=

z-

€

3

aeAle| Jo Alsuap U 19a)3

0

=

z-

e

Longitude Near bottom temperature

Day of year

-2016
-2012
2010
- 2007
- 2006
-2005
- 2004
-2002

Year

o

z9

apnige

09
apnje

85

Longitude

Longitude

958

800

Figure 4

801

802

40



803

804

805

Lo

In{number10
<1

-2
m2<-3
wHem3c.4
4.5
|wmg<-g

Alaska

Alaska

oW

Figure 5

41




806

807

808

°C
m-15<-0
mu0<-10
mm10<-20
mm20<-3.0
[D3.0<-40
E940<-50
[15.0<-6.0
16.0<-7.0
7.0<-8.0
E98.0<-90
Em9.0<-10.0

Figure 6

Alaska

3 WW UPW W wew

e

N

h

2016

Lo

42




2500+

& 2000-
o
b
[=)]
21500+ + cold
o -4 not-cold
O
E
= 10001
500-

<30 30-39 40-50
Bottom depth interval (m)

809

810  Figure 7

811

43



812

813  Figure 8

44



814  Table 1. Survey years in the eastern Bering Sea used to model the spatial variation of Yellowfin Sole larvae during warm, cold, and

815  average years.

816
Southern Region (< 60° N) Northern Region (= 60° N)
Day of Median Day of Median
Year IRIt RAOC* n  Temperature$ yearf DOY Catch/10m?2 1t n  Temperature year DOY Catch/10m?
2002 0 0.0322 41 85+25 134-262 244 287.56 £ 861.30 31 57+29 262-279 272 92.92 + 338.40
2004 9 0.0208 27 95+21 228-247 234 522.68 £ 995.60 35 6.6 +£3.9 255-272 261 48.97 + 67.59
2005 0 0.0492 37 7.5+3.1 131-278 230 147.99 £ 235.32 28 57+3.5 260-276 269 63.49 + 171.69
2006 13 0.1824 39 8.1+29 135-263 254 77.27 £230.56 38 48+35 246-261 251 101.47 £ 199.00
2007 28 0.1696 17 6.5+2.6 228-276 238 287.44 +477.39 33 54+35 256-273 263 258.01 + 956.24
2010 37 0.2468 29 6.1+2.8 128-257 239 1.35+2.58 27 47+43 242-276 264 6.92 + 16.77
2012 46 0.2956 21 47+29 139-267 235 9.14 + 27.00 25 49%3.0 254-267 259 27.88 £ 63.00
2016 0 0.0380 52 6.1+£1.7 140-253 149 109.74 £ 374.98 32 6.3+4.3 240-255 246 66.50 + 69.86
817

818 Tice retreat index

819 *ratio of the area of bottom water < 0°C to total AFSC bottom trawl survey area

820 Snear bottom temperature, approximately 10 m off bottom; mean * standard deviation

821 finterval of days that samples were taken. For all years, only one sample was taken in June and there were no samples taken in July.
822  tTmean * standard deviation

823
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824  Table 2. Generalized additive models to analyze the variation of the presence/absence and density of Yellowfin Sole larvae in the

825  eastern Bering Sea during warm, cold, and average years. Best-fit models as determined by AIC value are shown.

826
Covariates
Spatially
invariantmodel ~ s8(tT)  s(@ A s@d%)  yTT  sgrRNTHT  SRAOC)FH s, DRIy  s(@, ARAOC, 4 AIC R2
11 1.0001T 15.501 2.739 factor - - NA NA 417.60 0.51
2t 3.793 15.286 3.768  factor - - NA NA 885.05 0.47
Spatially variable
coefficient model
af 3.956 18.225 3.075 factor NA NA 6.914 - 408.18 0.55
4% 3.821 14.181 2.232  factor NA NA 3.00 5.632 877.83 0.49
827
828

829  fpresence/absence model. Numbers refer to equations 1 and 3 in Materials and Methods, 2.2 Generalized additive models
830

831  *density model. Numbers refer to equations 2 and 4 in Materials and Methods, 2.2 Generalized additive models

832

833  Snonparametric smoothing function

834

835  fnear bottom temperature

836

837  ttestimated degrees of freedom
838

839  #]ocation (latitude, longitude)
840

841  Ssday of year

842

843  fyear

844

845  fttice retreat index

846

847  #Hratio of area covered by bottom water < 0°C to AFSC bottom trawl survey area

46



848
849

- =not included in final model as determined by AIC value
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Table 3. Predicted number of days from June 1 to October 6 that a particle near the sea surface
drifted from near the center of one of three YFS spawning areas before reaching the Alaskan
shoreline (Ocean Surface Currents Simulations model, oceanview.pfeg.noaa.gov/oscurs; Fig. 8).

For each year, drift began at the same location within each spawning area.

Bristol Bay South Nunivak North Nunivak
spawning area spawning area spawning area

Year (days) (days) (days)
2002 17 54 98
2004 8 73 117
2005 22 106 Offshore
2006 66 Offshoret 25
2007 39 64 57
2010 22 40 Offshore
2012 31 56 20
2016 42 68 53

tdrift trajectory never reached the shoreline during the drift period examined
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