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ARTICLE INFO ABSTRACT

Keywords: Spatial variability in early and late winter measures of whole body energy density of juvenile (age-0) Pacific
Clupea pallasii herring (Clupea pallasii) of Prince William Sound (PWS), Alaska was examined over nine years of study. Pacific
Energetics herring in this region remain considered as an injured resource over the 25 years following the Exxon Valdez oil
Gulf of Alaska spill, however factors responsible for the lack of recovery by herring in PWS are a source of ongoing debate.
Oceanographic exchange . - . . . . . N . .

Overwinter Given the species’ key ecological role in energy transfer to higher predators, and its economic role in a historical

commercial fishery within the region, significant research effort has focused on understanding environmental
factors that shape nutritional processes and the quality of these young forage fish. During November (early
winter), factors such as juvenile herring body size, hydrological region of PWS, year, and the interaction between
carbon (8'3C’) or nitrogen (§'°N) stable isotope signature and hydrological region were all important predictors
of juvenile herring energy density. In particular, analyses indicated that in the northern and western regions of
PWS, juvenile herring with more depleted §'3C’ values (which reflect a Gulf of Alaska carbon source) were more
energy dense. Results suggest that intrusion of water derived from the Gulf of Alaska enhances the condition of
age-0 herring possibly through alterations in zooplankton community structure and abundance, particularly in
the northern and western regions of PWS in the fall, which is consistent with regional circulation. During March
(late winter), factors such as juvenile herring body size, year, and the interaction between 8'3C’ or §'°N isotope
signature and year were all important predictors of juvenile herring energy density. Results differed for early and
late winter regarding the interaction between stable isotope signatures and region or year, suggesting important
seasonal aspects of circulation contribute to variation in PWS juvenile herring energy density. In addition,
winter-feeding may enrich herring without considerable energy gain, removing any relationship between energy
density and §'3C’ isotope signature in late winter.

Pacific herring
Prince William Sound
Stable isotope

1. Introduction from within PWS, which contrasts with a weak gradient based on §'°N

of N. cristatus (Kline, 2009). Stable isotope techniques are a particularly

Important oceanographic exchange has been described between the
Gulf of Alaska (GoA) and Prince William Sound (PWS), a complex fjord-
estuary located at the GoA's northernmost boundary (Fig. 1). For ex-
ample, Kline (1997, 1999a, 1999b, 2001, 2009) relied on naturally
occurring ratios of stable carbon (*3C/'2C, §'3C) and nitrogen (*>N/**N,
8!°N) isotope signatures of zooplankton and forage fishes to demon-
strate isotopic gradients between the GoA and PWS, and subsequent
oceanographic exchange between the regions driven by circulation. A
strong gradient in 8'C was confirmed as Neocalanus cristatus copepods
collected from the GoA were depleted in §'3C relative to those collected
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robust method for discerning oceanographic exchange as the ratio of
heavy to light isotopes of carbon and nitrogen in tissues can provide
both source and process information due to isotopic fractionation
(Peterson and Fry, 1987). For example, variation in the fractionation of
carbon during photosynthesis can distinguish sources of primary pro-
ductivity such as between nearshore and pelagic phytoplankton (Kelly,
2000). Thus, 8*3C values provide source information due to the origins
of the carbon signature and the fact that §'3C tends not to vary greatly
across trophic levels (Peterson and Fry, 1987). However, 8'°N values
capture a distinct signature of trophic position due to the differential
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Fig. 1. Bathymetry and location of Prince William Sound nursery bays sampled for juvenile Pacific herring. Bathymetry is noted by the blue gradient, November sampling locations are
noted by circles, and March sampling locations are noted by triangles. Hydrological regions included Central (green), North (white), West (orange), and East (yellow). Hinchinbrook

Entrance and Montague Strait are noted as HE and MS, respectively.

excretion of the lighter isotope by consumers (Peterson and Fry, 1987).
Thus, as elements such as carbon and nitrogen are produced and con-
sumed throughout a food-web, they fractionate and are reflected in
plant and animal tissues at varying time scales due to isotopic turnover
rates related to metabolic activity, and for these reasons provide ex-
cellent information on the origin and distribution, or trophic position,
of consumers (Deniro and Epstein, 1978, 1981).

Oceanographic exchange between the GoA and PWS, and relation-
ships between general circulation and trophic linkages among PWS
biota became increasingly important topics following the grounding of
the Exxon Valdez oil tanker on Bligh Reef in March 1989, which re-
portedly released ~11 million gallons of crude oil into the coastal
marine environment damaging apex predators, fish populations and
other species, as well as valuable commercial fisheries such as Pink
Salmon (Onchorynchus gorbuscha) and Pacific Herring (Clupea pallasii,
hereafter herring) (Brown et al., 1996; Cooney et al., 2001a; Norcross
et al., 2001). Factors responsible for the ongoing lack of recovery by
herring in Prince William Sound are a source of ongoing debate (Ward
et al.,, 2017). Early studies following the spill, as part of the Sound
Ecosystem Assessment (SEA) program, took an integrated ecosystem
approach to better understand how environmental factors might ad-
ditionally be influencing the recovery of injured populations (Cooney
et al.,, 2001a). The SEA program outlined key hypotheses that have
continued to shape current research and particularly the work de-
scribed here. In the context of the current study, the SEA program's
“river-lake” hypothesis provides a framework for testing ideas re-
garding trophic linkages between the GoA and PWS that are driven by
seasonal circulation. The “river-lake” hypothesis states that during
periods of strong downwelling in the GoA, the influence of the Alaska
Coastal Current, which flows westerly along the GoA continental
margin (Weingartner et al., 2005), on PWS is stronger and more “river-
like” with enhanced flushing, conversely during periods of weak
downwelling, the ACC's influence on PWS is weaker and more “lake-
like” with greater retention of water (Cooney et al., 2001a; Kline,
1999b).

To date, the herring population of PWS remains an injured resource
from the Exxon Valdez oil spill, as the population biomass has remained
at or below ~20,000 mt since 1998 and continues below this level that
would allow a commercial catch (Muradian et al., 2017). Survival of
juvenile (age-0) herring through their first winter is considered a

potential factor limiting strong recruitment to the spawning population,
and has therefore been the focus of past and ongoing research. Herring
build energy reserves through the fall to fuel their metabolism during
winter's low food abundance (Norcross et al., 2001), making environ-
mental drivers of fall energy levels of particular interest. Here, we ex-
amine spatial and temporal variability in early and late winter measures
of energy density among juvenile herring collected since 2007 as part of
the PWS Herring Survey (pilot work 2007-2008, 2009-2011) and the
PWS Herring Research and Monitoring Program (2012-2016) sup-
ported by long-term funding through the Exxon Valdez Oil Spill Trustee
Council.

Following the SEA program's “river-lake” hypothesis, we tested the
idea that oceanographic exchange between the northern GoA and PWS
control juvenile herring nutritional processes and therefore the quality
of these young forage fish. Similar to previous studies, our work relies
on stable isotope gradients previously established between the GoA and
PWS (e.g., Kline, 1999a, 1999b; Kline, 2009). Our work takes a rela-
tively simple multi-model approach to understanding spatial and tem-
poral variability in early (November) and late (March) winter measures
of energy density by considering factors such as distinct hydrological
regions of PWS related to circulation (space), year (time), either 8'3Cor
815N signatures of fish tissues (trophic linkages) to assess either carbon
source or relative trophic position, as well as interactions among these
variables. We evaluate the same candidate models for both early and
late winter measures of energy density to reveal seasonal differences in
important explanatory variables.

2. Materials and methods
2.1. Study area

Prince William Sound, Alaska is a hydrographically complex, fjord-
estuary located at the northern extent of the GoA (Fig. 1) that ranges in
depth to nearly 800 m in the northwestern passage (Fig. 1; Halverson
et al., 2013b; Niebauer et al., 1994). The Chugach National Forest, a
mountainous temperate rainforest including numerous ice fields and
tidewater glaciers, surrounds the region. Given the coastal rainforest
climate, freshwater input from precipitation and glacial runoff is sig-
nificant and varies seasonally with major contributions occurring in late
summer and early fall (Beamer et al., 2016; Royer, 1979). To the south,
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several large islands define the primary oceanographic conduits
through which local PWS waters interact with the GoA, namely
Hinchbrook Entrance (HE) and Montague Straight (MS; Fig. 1). The
Alaska Coastal Current (ACC), which flows westerly along the GoA
continental margin, and the Alaskan Stream (AS), which extends from
the northern Gulf of Alaska to the western Aleutians just beyond the
shelf break (Johnson et al., 1988; Royer, 1979; Stabeno and Reed, 1991;
Weingartner et al., 2005) are the primary external oceanographic forces
that influence PWS circulation and regional marine ecology (Cooney
et al., 2001a; Eslinger et al., 2001; Kline, 1999b; Niebauer et al., 1994).
General circulation of PWS, which flows cyclonically east to west, is
highly seasonally influenced by interactions between the ACC and AS,
freshwater input, and wind intensity. For example, during winter,
strong easterly winds associated with the Aleutian low drive coastal
downwelling over the continental shelf resulting in greater forcing of
surface waters into PWS through HE that circulate cyclonically east to
west and exit through MS (Cooney et al.,, 2001a; Halverson et al.,
2013a; Niebauer et al., 1994). Conversely, during summer, the high
pressure in the North Pacific causes a relaxation or even reversal of the
downwelling allowing subsurface dense water to rise and transit into
PWS through the bottom layer (Cooney et al., 2001a; Halverson et al.,
2013a; Niebauer et al., 1994). Summertime surface flow in PWS be-
comes complex due to the addition of freshwater, which can result in
eddies and current reversals (Vaughan et al., 2001; Wang et al., 2001).

2.2. Field sampling

Juvenile herring (age-0) were collected from a total of 19 nursery
bays in PWS during research cruises in November, and by contracted
commercial herring fisherman in March, of each year between 2007
and 2016 using cast and gill nets, or trawl gear. In November, fish were
caught at night with field operations generally occurring around the
new moon. Samples were collected using a midwater trawl where
groups of fish were targeted during acoustic surveys of each bay. At
times, deck lights were used to attract herring that were collected by
cast and gill net along-side the research vessel as these gear types do not
sample effectively at depth. Cast and gill net samples were taken to
primarily compare with trawl caught samples. Although the use of deck
lights might have imposed a bias by attracting more poor condition fish
eager to feed, the spread of juvenile herring energy values collected by
cast and gill nets spanned that of fish collected by trawl. Thus, capture
methods are not expected to impose any bias on the energetic quality of
the fish sampled during this study. In March, fish were caught using
fisherman gill nets only. Nursery bays sampled during the SEA program
were again sampled (i.e. Simpson, Eaglek, Whale and Zaikof Bays), in
addition to many others including Cordova Harbor, Windy Bay, Double
Bay, Port Gravina, Port Fidalgo, Valdez Arm, Jackson Hole (Glacier
Island), Unakwik, West Twin Bay (Perry Island), Northwest Bay (Knight
Island), Main Bay, Paddy Bay, Lower Herring Bay, Port Chalmers, and
Port Etches (Fig. 1). Not all bays were sampled each year. Upon capture,
fish were frozen in groups of 25-50 per sampling location and saved for
laboratory processing at Prince William Sound Science Center in Cor-
dova, Alaska.

2.3. Stable isotope and bomb calorimetry methods

In the laboratory, frozen juvenile herring were thawed and wet mass
(mg) obtained using an analytical balance (Mettler). Length of each fish
was measured to the nearest mm. Otoliths were excised and saved for
other analyses. Fish were oven-dried (60 °C) and the final whole body
dry mass recorded. Dried herring were ground to a fine powder using a
ball mill (Retsch). Approximately 0.1-0.2mg from each powdered
herring was loaded into a tin capsule. Loaded capsules were sent to the
University of Alaska Fairbanks Stable Isotope Facility where carbon (C)
and nitrogen (N) mass spectrometric analyses were performed.
Resultant data for juvenile herring included %C, %N, '3C/12C, and
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I5N/1“N with the heavy to light isotope ratios reported using delta
notation, 8'3C and 8'°N, respectively, calculated using the following
equation: 8'3C or 8"°N = ([Rsampte/Rstandara] —1) X 1000, where
Rgample is the ratio of the heavy to light isotope for either 13¢/12C or
15N/1N, and Rgandara is the heavy to light isotope ratios for interna-
tional standards — Vienna PeeDee Belemnite for carbon and atmo-
spheric N2 (Air) for nitrogen. Percent C and N data were used to as-
certain C/N atom ratios. The ratios of dry to wet mass and C to N atoms
were used to determine whole body energy density (WBED) based on
relationships derived from (Paul et al., 2001) and refined by (Kline,
2013) using the following equation: WBED (kJ/g wet mass)
—2.90242 + 32.585 X (dry/wet mass ratio) + 0.103514 x C/N atom
ratio (see also Kline and Campbell, 2010). Raw §'*C data were math-
ematically corrected for lipid content using the method of
McConnaughey and McRoy (1979); see also Kline and Campbell (2010).
Lipid-corrected values of 8'°C are hereafter reported as §'°C.

A semi-micro calorimeter (Parr Instruments, model 6725) was used
to perform bomb calorimetry (Parr Instrument Company, 2009) on a
subset (~10%) of dried herring samples analyzed for §'°C and 8'°N
stable isotopes to ground-truth energy density estimates from dry/wet
and C/N ratios. Although it was expected that estimates of WBED de-
rived from dry/wet and C/N ratios would tightly correlate with energy
density estimates derived from bomb calorimetry (e.g., Kline and
Campbell, 2010), we explored these relationships for both November
and March.

2.4. Statistical analyses

All analyses were restricted to juvenile herring up to 115 mm in fork
length that were collected over nine years in November (2007-2015, n
= 2514) and March (2008-2016, n 1889). Nursery bay collection
areas were grouped into four hydrological regions (central, north, west,
and east regions, Fig. 1) following descriptions by Musgrave et al.
(2013). However, the analyses presented here considered north and
west regions separately, and did not include a Gulf of Alaska region,
unlike Musgrave et al. (2013). All statistical analyses were performed in
the R language environment version 3.4.1 (2017).

Least-squares linear models (Im function in R, hereafter linear
models) were used to account for variation in WBED derived from
stable isotope data for both November (n = 258) and March (n = 253).
Two candidate models were considered for both November and March
including an equal-means (null) model and a model with WBED derived
from bomb calorimetry.

Two separate analyses were conducted to understand spatial and
temporal variation in November WBED of age-0 herring in PWS (see
Appendix A for a complete description of all explanatory variables and
candidate models considered in analyses). First, linear mixed-effects
models, employed using the Ime function within the nlme package in R
(Pinheiro et al., 2017, hereafter mixed models), were used to examine
continuous variation in WBED derived from stable isotope data in re-
lation to four parameters treated as fixed main effects including (1) fork
length as a measure of body size (continuous variable); (2) 813¢’ stable
isotope signature of age-0 herring (continuous variable) to assess
carbon source; (3) nursery bay hydrological region in PWS (categorical
variable — central, north, west, and east); and (4) year (categorical
variable). Second, mixed models were again used to examine variation
in November WBED in relation to three of these same parameters, fork
length, nursery bay hydrological region, and year, but also §'°N stable
isotope signatures of age-0 herring as a continuous variable to assess
trophic foraging. An a priori set of 10 candidate models were considered
for each November analysis, including either 8'3C’ or 8'°N stable iso-
tope signatures, which consisted of a null model; models for isotope,
region, or year predictor variables as fixed main effects including a term
for fork length to control for body size in each model (three models); a
more complex multiple predictor model including fixed main effect
terms for fork length, isotope, and region (one model). All models
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Fig. 2. Variation in November and March whole body energy density of juvenile Pacific herring derived from stable isotope data in relation to whole body energy density derived from

bomb calorimetry.

without a year term were further evaluated including a year term (three
models). Additional interaction models were included: a global model
with all four fixed main effects and an interaction between isotope
signature and region, and a second global model with all four fixed
main effects and an interaction between isotope signature and year
(two models). A random effect on intercept and slope (random = ~1 +
Fork Length|Collection Bay) was included in each model to control for
non-independence of data given that some fish were collected from the
same nursery bay, and therefore, experienced more similar local en-
vironmental conditions that might have influenced individual size and
energetic status.

Similarly, two separate analyses were conducted to understand
spatial and temporal variation in March WBED derived from stable
isotope data of age-0 herring in PWS. Again, mixed models included the
same explanatory variables and candidate model sets describe for
November analyses (Appendix A).

For November and March WBED analyses, the importance of in-
cluding a random effect on intercept and slope was tested in pre-
liminary analyses by comparing the fit of four models, based on
Akaike's Information Criterion corrected for small sample size (AICc),
for each analysis - the most parameterized fixed effect model without a
random effect (using the gls function in R), with a random effect on
intercept only (mixed model), with a random effect on slope only
(mixed model), and with a random effect on both intercept and slope
(mixed model). All four models maximized the restricted log-likelihood
(method = “REML”) and all models included the same fixed main effect
parameters and their interaction. The most parameterized fixed effect
model with a random effect on both intercept and slope received the
lowest AICc value for each analysis. Therefore, a random effect on both
intercept and slope was included in all candidate models for November
and March analyses.

Information-theoretic methods were used to direct model selection
and parameter estimation (Burnham and Anderson, 2002). For each
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candidate model, AICc, AAICc and Akaike weight (w) values were cal-
culated using the AICcmodavg package in R (Mazerolle, 2017) and used
to compare models (Burnham and Anderson, 2002). Values for AAICc
are scaled differences relative to the smallest AICc value in the candi-
date model set such that the model with the minimum AICc value has A;
= 0 (Burnham and Anderson, 2002). Values for Akaike weights are the
relative likelihood of the model, given the data, normalized to sum to 1
and interpreted as probabilities (Burnham and Anderson, 2002). In-
ference was based on the relative support for parameters across all
models and weighted parameter estimates. Parameter estimation in-
cluded calculation of model-averaged parameter estimates based on w
values for all candidate models within a candidate model set. Standard
errors (SE) and 95% confidence intervals (CI: SE*1.96) for parameter
estimates were based on unconditional variances calculated across the
same models. Parameter likelihood values were evaluated by summing
w values across all models that included each parameter under con-
sideration (Burnham and Anderson, 2002). Ultimately, only two models
were considered in comparing stable isotope and bomb calorimetry
estimates of WBED, including the null model, therefore no model
averaging calculations were conducted for this analysis.

Linear models were used to compare stable isotope and bomb ca-
lorimetry estimates of WBED, thus an R value defined as the fraction of
the total variance explained by the model, was calculated as a general
measure of fit (see Crawley, 2007, p. 399). For mixed models, a pseudo
R? value was calculated following Xu (2003), which is defined as 1 - the
residual variance of the full model / the residual variance of a null
model. Best supported models for November and March WBED analyses
were examined based on standardized residual versus fitted value plots
and normal probability plots of residuals to further assess model fit.

3. Results

Models including WBED derived from bomb calorimetry were best
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Table 1
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Candidate models describing variation in whole body energy density of juvenile Pacific herring in Prince William Sound, Alaska. Models presented are those determined to be most

parsimonious, as well all models receiving AAICc values < 2.

Month and isotope Response Model Explanatory variables Number of AAICc w Pseudo R®
variable number parameters

November, 8'3C’  WBED (kJ/g) 9 FL + 8'3C’ + Region + Year + §'°C’*Region, 21 0.00 0.99 0.26
random = ~1 + FL|Collection Bay

November, 8'°N WBED (kJ/g) 9 FL + 8'°N + Region + Year + 8'°N*Region, 21 0.00 1.00 0.23
random = ~1 + FL|Collection Bay

March, §'3¢’ WBED (kJ/g) 10 FL + 8'3C’ + Region + Year + 8'3C’*Year, 26 0.00 1.00 0.22
random = ~1 + FL|Collection Bay

March, §'°N WBED (kJ/g) 10 FL + 8'°N + Region + Year + §'°N*Year, 26 0.00 1.00 0.20

random = ~1 + FL|Collection Bay

Abbreviations: AAICc = Akaike's Information Criterion corrected for small sample size, w = Akaike weight, WBED = whole body energy density, FL. = fork length,

corrected carbon stable isotope signature, 8'°N = nitrogen stable isotope signature.
supported (November: AAICc value = 0.00, March: AAICc value =
0.00) over null models for describing variation in both November and
March WBED where values were derived from dry/wet mass and C/N
atom ratios of juvenile herring. Each model received very high weight
and goodness of fit values (November: w = 1.00, R? = 0.94; March: w
= 1.00, R?> = 0.91; Fig. 2). Estimates of WBED based on stable isotope
data were considered reliable because of these strong relationships and
consequently used in the analyses reported below.

3.1. November

Only one model including §'3C” stable isotope signatures received a
AAICc value < 2.00 for describing variation in November WBED, which
included all terms as fixed main effects (fork length, §'3C’ isotope sig-
nature, hydrological region, and year), as well as an interaction be-
tween 8'3C’ isotope signature and region (Appendix A: carbon stable
isotope analysis for November, model 9). Plots of standardized residual
versus fitted values and normal probability plots of residuals indicated
model 9 was fitted adequately. This best-supported model received a
high w value (0.99), but only explained 26% of the variation in the data
(Table 1). Parameter likelihoods indicated strong support for all fixed
main effect parameters and the interaction between §'3C’ isotope sig-
nature and region (1.00, Table 2). The interaction between 813¢’ iso-
tope signature and year was not supported (3.98 E-15, Table 2). Fish
with larger body sizes were more energy dense (0.02 = 0.01 CI,
Table 2). Fish with more depleted 8'3C’ isotope signatures were more
energy dense (—0.16 = 0.09 CI, Table 2). The interaction between
813C’ isotope signature and region was strongest in the west
(—0.38 = 0.10 CI) and north (—0.14 = 0.12 CI) where fish with a
more depleted §'3C” stable isotope signature were more energy dense
(Table 2, Fig. 3). Juvenile herring caught in the fall of 2013
(0.30 = 0.16 CI) were the most energy dense, while fish caught in the
fall of 2015 were the least energy dense (—1.07 + 0.19 CI, Table 2,
Fig. 3). See Supplemental material Fig. 1 for plots of WBED versus 8*3C’
stable isotope signatures for November.

Only one model including 8'°N stable isotope signatures received a
AAICc value < 2.00 for describing variation in November WBED, which
included all terms as fixed main effects (fork length, 8§'°N isotope sig-
nature, hydrological region, and year), as well as an interaction be-
tween 8'°N isotope signature and region (Appendix A: nitrogen stable
isotope analysis for November, model 9). Plots of standardized residual
versus fitted values and normal probability plots of residuals indicated
model 9 was fitted adequately. This best-supported model received a
high w value (1.00), but again only explained 23% of the variation in
the data (Table 1). Parameter likelihoods indicated strong support for
all fixed main effect parameters and the interaction between 8°N iso-
tope signature and region (0.99-1.00, Table 2). Again, the interaction
between 8'°N isotope signature and year was not supported (4.53 E-07,
Table 2). Fish with larger body sizes were more energy dense
(0.02 = 0.01 CI, Table 2). Fish from northern nursery bays were more
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813’ = lipid

energy dense (2.88 = 2.31 CI, Table 2). The interaction between 8'°N
isotope signature and region was strongest in the north (—0.26 + 0.19
CI) where fish with a more depleted 8°N isotope signature were more
energy dense (Fig. 4). Juvenile herring caught in the fall of 2012 were
the most energy dense (0.86 + 0.15 CI), while fish caught in the fall of
2015 were the least energy dense (—0.41 + 0.16 CI, Table 2, Fig. 4).
See Supplemental material Fig. 2 for plots of WBED versus 8'°N stable
isotope signatures for November.

3.2. March

Only one model including 8'3C’ stable isotope signatures received a
AAICc value < 2.00 for describing variation in March WBED, which
included all terms as fixed main effects (fork length, §'3C’ isotope sig-
nature, hydrological region, and year), as well as an interaction be-
tween 8'3C’ isotope signature and year (Appendix A: carbon stable
isotope analysis for March, model 10). Plots of standardized residual
versus fitted values and normal probability plots of residuals indicated
model 10 was fitted adequately. This best-supported model received a
high w value (1.00), but only explained 22% of the variation in the data
(Table 1). Parameter likelihoods indicated strong support for all fixed
main effect parameters and the interaction between §'3C’ isotope sig-
nature and year (1.00, Table 2). The interaction between 3¢y isotope
signature and region was not supported (8.07 E-20, Table 2). Again, fish
with larger body sizes were more energy dense (0.02 = 0.01 CI,
Table 2). The interaction between 8'°C’ isotope signature and year was
strongest for fish caught in 2016 (—1.42 = 0.38 CI, Fig. 5) where in-
dividuals with a more depleted 8'3C’ isotope signature were more en-
ergy dense (Fig. 5). See Supplemental material Fig. 3 for plots of WBED
versus 8'3C’ stable isotope signatures for March.

Similar to other analyses, only one model including 8'°N stable
isotope signatures received a AAICc value < 2.00 for describing var-
iation in March WBED, which included all terms as fixed main effects
(fork length, 8'°N isotope signature, hydrological region, and year), as
well as an interaction between 8'°N isotope signature and year
(Appendix A: nitrogen stable isotope analysis for March, model 10).
Plots of standardized residual versus fitted values and normal prob-
ability plots of residuals indicated model 10 was fitted adequately. This
best-supported model received a high w value (1.00), but only ex-
plained 20% of the variation in the data (Table 1). Parameter like-
lihoods indicated strong support for all main effect parameters and the
interaction between 8'°N isotope signature and year (1.00, Table 2).
The interaction between §!°N isotope signature and region was not
supported (1.83 E-09, Table 2). Fish with larger body sizes were more
energy dense (0.02 = 0.01 CI, Table 2). The interaction between 8'°N
isotope signature and year was strongest for fish caught in 2016
(—0.57 + 0.44, Table 2) where juvenile herring with more depleted
815N isotope signatures were more energy dense (Fig. 5). See
Supplemental material Fig. 4 for plots of WBED versus §'°N stable
isotope signatures for March.
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Table 2
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Parameter estimates and likelihoods from candidate models for describing variation in November and March whole body energy density of juvenile Pacific herring in Prince William

Sound, Alaska. Parameter estimates ( = 95% confidence intervals) are weighted averages. Parameter likelihoods are Akaike weight (w) values summed across all models that include the
variable. Results are presented for A) candidate models including §'C’ and B) candidate models including §'°N.

A) Parameters from candidate models including 8'>C’

Response variable Explanatory variables Parameter likelihoods

November
WBED (kJ/g) Intercept 1.00
FL 1.00
st3¢r 1.00
Location-East 1.00
Location-North 1.00
Location-West 1.00
Year2008/09° 1.00
Year2009/10° 1.00
Year2010/11° 1.00
Year2011/12° 1.00
Year2012/13° 1.00
Year2013/14° 1.00
Year2014/15° 1.00
Year2015/16" 1.00
813C’*LocationEast 1.00
8'3C*LocationNorth 1.00
813C’*LocationWest 1.00
8'3C’*Year2008/09° 3.89 E-15
§'3C*Year2009/10" 3.80E-15
§'3C*Year2010/11° 3.80 E—15
8'3C’*Year2011/12° 3.89 E—15
813C*Year2012/13" 3.89 E—15
§'3C*Year2013/14" 3.80 E—-15
813C’*Year2014/15° 3.89 E-15
8'3C"*Year2015/16" 3.89 E-15

B) Parameters from candidate models including 315N

Response variable Explanatory variables Parameter likelihoods

Parameter estimates = CI

November
WBED (kJ/g) Intercept 1.00
FL 1.00
815N 1.00
Location-East 0.99
Location-North 0.99
Location-West 0.99
Year2008/09° 1.00
Year2009/10° 1.00
Year2010/11° 1.00
Year2011/12° 1.00
Year2012/13° 1.00
Year2013/14* 1.00
Year2014/15° 1.00
Year2015/16° 1.00
8'°N*LocationEast 0.99
8'5N*LocationNorth 0.99
8'5N*LocationWest 0.99
8'5N*Year2008/09* 4.53 E-07
§'°N*Year2009/10" 4.53 E—07
8'°N*Year2010/11" 4.53 E-07
§'5N*Year2011/12° 4.53 E-07
§'°N*Year2012/13* 4.53 E—07
8'°N*Year2013/14" 4.53 E-07
8'5N*Year2014/15" 4.53 E—07
§'°N*Year2015/16" 4.53 E—07

March November March
1.00 0.38 = 2.14 5.73 + 5.49
1.00 0.02 = 0.01 0.02 = 0.01
1.00 —0.16 = 0.09 0.22 = 0.29
1.00 1.13 = 2.00 —0.02 = 0.14
1.00 —3.07 = 2.44 —0.11 £ 0.15
1.00 -7.75 = 217 —0.02 £ 0.15
1.00 —0.38 = 0.23 —1.50 + 6.80
1.00 —0.26 = 0.20 —4.43 £5.86
1.00 —0.51 £ 0.17 —2.54 £5.79
1.00 0.02 = 0.16 —3.87 £ 5.67
1.00 0.19 = 0.20 0.02 + 6.48
1.00 0.30 = 0.16 —5.80 = 5.81
1.00 -0.22 £ 0.17 —5.83 £ 6.16
1.00 -1.07 = 0.19 —28.01 £7.29
8.07 E-20 0.08 = 0.10 —5.71 E-21 £ 2.49 E-20
8.07 E-20 —0.14 = 0.12 —6.98 E—21 + 3.02E-20
8.07 E-20 —0.38 = 0.10 —1.04 E-20 = 425 E-20
1.00 —1.16 E-15 £ 5.06 E-15 —0.07 = 0.36
1.00 —1.50 E-15 £ 6.17 E-15 —-0.22 £ 0.31
1.00 595E-18 £ 1.10 E-15 -0.13 £ 0.31
1.00 6.15E—-17 £ 1.08 E-15 —0.20 = 0.30
1.00 —3.83E-16 £ 2.04 E-15 —0.05 + 0.34
1.00 —-3.16 E-16 + 1.85 E—15 —0.29 £ 0.31
1.00 —-243E-16 £ 1.58 E-15 —0.31 £ 0.33
1.000 —-1.78E-15+ 715 E-15 —1.42 + 0.38
Parameter estimates + CI
March November March
1.00 5.09 + 2.18 0.40 *+ 4.40
1.00 0.02 = 0.01 0.02 = 0.01
1.00 —0.14 = 0.16 0.11 + 0.36
1.00 0.59 + 2.28 —0.07 = 0.10
1.00 2.88 + 2.31 —-0.17 £ 0.11
1.00 —1.99 = 2,58 —0.08 +0.11
1.00 0.14 = 0.22 —1.33 +£6.79
1.00 —0.02 = 0.19 2.96 + 4.57
1.00 -0.23 £ 0.16 —1.68 + 4.52
1.00 0.42 = 0.15 —1.67 + 4.64
1.00 0.86 + 0.15 2.54 + 4.82
1.00 0.32 = 0.17 2.32 = 4.42
1.00 0.14 £ 0.15 2.19 + 4.58
1.00 —0.41 = 0.16 6.93 + 5.32
1.83 E-09 —0.07 = 0.18 3.64 E-10 = 1.46 E-09
1.83 E-09 —0.26 = 0.19 5.20 E-11 £ 3.45E-10
1.83 E-09 0.17 £ 0.21 1.45E-11 = 272 E-10
1.00 1.71 E-08 = 1.99 E-07 0.07 = 0.54
1.00 1.06 E-07 + 492 E—07 -0.27 £ 0.37
1.00 —1.42E-08 +1.86 E-07 0.12 + 0.37
1.00 1.71 E-09 = 1.55 E-07 0.13 + 0.38
1.00 1.16 E-07 + 498 E—07 —0.16 = 0.40
1.00 2.50 E-08 + 1.87 E-07 —0.22 + 0.36
1.00 3.12E-08 = 2.25 E—-07 —0.18 £ 0.38
1.00 —1.77 E-08 + 1.95 E-07 —0.57 £ 0.44

Abbreviations: + CI = plus or minus 95% confidence interval, WBED = whole body energy density, FL. = fork length, 8'3C’ = lipid corrected carbon stable isotope signature, 8'°N =

nitrogen stable isotope signature.

2 Signifies a parameter including Year, or an interaction with Year, where the first year noted is for November and the second year for March, i.e., parameters estimates for Year 2008/

09 would be for November 2008 and March 2009, respectively.
4. Discussion

Our study identified important factors influencing the WBED of
juvenile Pacific herring in PWS, Alaska for fish sampled in early and
late winter. For November analyses, a strong negative relationship be-
tween WBED and the §'3C’ isotope signature of fish, particularly those
collected from the northern and western regions of PWS, indicated that
fish with a more depleted 8'3C’ isotope signature were more energy
dense (Fig. 3, Supplemental material Fig. 1). This is an interesting result

given previous work on isotopic gradients between the GoA and PWS,
which indicated that while there is some overlap, §'3C” values of N.
cristatus collected from the GoA ranged from —27%o to —17%o, while
8'3C’ values for N. cristatus collected from PWS ranged from — 23%o to
—17%o with 8'3C’ values of —21%o to 20%o representing an approx-
imate demarcation between carbon derived from the GoA and PWS,
respectively (see Kline, 2009 Figure 7). Our §'3C’ isotope data for No-
vember ranged approximately from —24%o to —17%o across all regions
of PWS (Supplemental material Fig. 1). However, in both the northern
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Fig. 3. Modeled variation in November whole body energy density of juvenile Pacific herring of Prince William Sound, Alaska in relation to §'3C’, hydrological region, and year.
Regressions are based on weighted parameter estimates across all models for the average size herring and range of §'3C’ values (—23.46 to —16.82) for samples collected in November.
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Fig. 4. Modeled variation in November whole body energy density of juvenile Pacific herring of Prince William Sound, Alaska in relation to §'°N, hydrological region, and year.
Regressions are based on weighted parameter estimates across all models for the average size herring and range of §'°N values (6.79-14.55) for samples collected in November.

and western regions of PWS, 8'3C’ data appear to be marginally skewed interpret these findings as evidence that carbon derived from the GoA
towards more depleted §'3C’ values, particularly in comparison with (8'3C’ < —20.5%0) enhances the early winter quality of juvenile her-
data from the eastern region (Supplemental material Fig. 1). We ring in PWS, particularly in the northern and western regions of PWS.
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Fig. 5. Modeled variation in March whole body energy density of juvenile Pacific herring of Prince William Sound, Alaska in relation to 8'>C’, hydrological region, and year. Regressions
are based on weighted parameter estimates across all models for the average size herring and range of 8'C’ values (—22.06 to —16.78) for samples collected in March.

Earlier studies did not consider carbon source as a potential correlate of
juvenile herring quality (Kline, 1997, 1999a, 1999b, 2000, 2001; Paul
and Paul, 1999). Our demonstration of the interaction between §'3C’
value and hydrological region of PWS indicates a role for oceano-
graphic exchange with the GoA operating on the quality of juvenile
herring. In November, fish collected from the eastern region were less
energy dense than fish collected from other regions (central, northern
and western, Table 2). The central, northern and western regions of
PWS are all areas characterized by deep bathymetry associated with a
marine canyon that extends from the continental shelf into PWS that
follows a cyclonic east to west trajectory (Fig. 1). Water from the GoA
flows into PWS through this marine canyon and its distribution in the
region is determined by bathymetry, particularly in the summer and
early fall when downwelling is relaxed and deep water more easily
transits into PWS through the bottom layer (Cooney et al., 2001b;
Halverson et al., 2013a). Thus, it is not surprising that the regions in
PWS associated with deep bathymetry and an expected influx of water
from the GoA also produce juvenile herring that hold a GoA carbon
signature that are more energy dense, particularly in early winter
(Figs. 1 and 3). Interestingly, earlier studies by Paul and Paul (1999)
demonstrated that WBED of juvenile herring collected from areas such
as Eaglek, Whale and Zaikof Bays in the northern, western and central
regions of PWS, respectively, were not different from each other,
however, juvenile herring collected from Simpson Bay in the eastern
region had lower WBED values than fish from these other areas. Their
study was conducted across only three years (1995-1997), however,
coupled with our results it appears that these regional dynamics in
herring WBED are mainly consistent.

We are intrigued by the finding that although 8'°C’ data appear to
be marginally skewed towards more depleted 8'°C’ values in the
northern and western regions of PWS, the range of 8'3C’ values across
all regions is not that dramatically different. However, there is clearly a
stronger relationship between §'C’ and WBED in the northern and
western regions of PWS (Fig. 3; Supplemental material Fig. 1). This
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suggests to us that there may be different transport mechanisms driving
relationships between 8'3C’ and WBED of PWS juvenile herring possibly
in the context of different zooplankton communities and abundance
associated with different hydrological regions of PWS. Early studies
identified Neocalanus, Calanus, and Pseudocalanus copepods over-
wintering (October and November) in areas deeper than ~400 m in
PWS in preparation for reproduction in January and February
(Damkaer, 1977; Eslinger et al., 2001). These deep areas of PWS
therefore provide excellent reproductive habitat for these species ele-
vating their densities relative to other areas of the GoA shelf (Cooney,
1986). Research conducted during the years of the current study con-
firmed that in some years large calanoids can comprise up to 50% of the
diet of juvenile herring in early winter (Gorman et al., 2017). Thus, we
suggest the relationship between 8'3C’ and WBED of PWS juvenile
herring might be driven by differing zooplankton communities with
variable energetic qualities and/or abundances dominating the various
hydrological regions of PWS, providing a transport mechanism for GoA
carbon to influence juvenile herring quality.

During the fall, a negative relationship between WBED and §'°N
isotope signature was observed in the northern region of PWS (Fig. 4)
indicating that fish feeding on relatively lower trophic level prey were
more energy dense. Isotopic studies of zooplankton in PWS have ad-
ditionally indicated that prey such as copepods are depleted in 8'°N
relative to other dominant prey such as amphipods and euphausiids
(Kline, 1999b). The diets of juvenile herring in the northern region of
PWS might have primarily consisted of copepods, which corroborates
our thinking in terms of 8'3C’ variability and would explain feeding at
relatively lower trophic levels.

Results for 8'3C’ stable isotopes indicate that carbon source is more
strongly related to WBED in the fall than in the spring (Figs. 3 and 5),
which likely reflects fish foraging more aggressively in the summer and
fall to accumulate energy reserves for overwintering. Oceanographic
exchange with GoA carbon suggests that ocean-climate conditions en-
hancing the intrusion of GoA water into PWS should have a positive
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Fig. 6. Modeled variation in March whole body energy density of juvenile Pacific herring of Prince William Sound, Alaska in relation to §'°N, hydrological region, and year. Regressions
are based on weighted parameter estimates across all models for the average size herring and range of §'°N values (7.98-14.69) for samples collected in March.

effect on the quality of juvenile herring, particularly those intrusions
that operate in the late summer and fall. The lack of a relationship in
spring between WBED and the §'3C isotope signature of individual fish
(Table 2, Fig. 5) suggests that some amount of local PWS feeding might
be occurring during winter leading to isotope signatures of fish be-
coming slightly enriched. Winter-feeding by juvenile herring in
Simpson Bay, PWS, has been suggested given observations of more
enriched 8'3C’ isotope signatures reflective of local PWS production
(Gorman, Sewall and Heintz unpubl. data; see also Foy and Norcross,
1999; Kline and Campbell, 2010). Only in one year (2016) did the
negative relationship between WBED and &'3C’ isotope signatures
persist (Fig. 5). Environmental conditions were extremely warm in
2016 and it is possible that the spring bloom occurred earlier in 2016
providing fish with food resources typically found outside the late
winter season.

Year was an important factor in both early and late winter analyses.
In November, fish were most energy dense in 2012 and 2013, and least
energy dense in 2015 (Figs. 3 and 4). In March, fish were the most
energy dense in 2013 with all other years being rather similar in terms
of energy density (Figs. 5 and 6). Interestingly, in early winter 2012 and
2015 fish were also the most depleted in 8'3C’ of the nine-year time
series (Supplemental material Fig. 1). Herring were also most depleted
in March in 2013, but not in 2016 (Supplemental material Fig. 3). The
opposing annual results between WBED and 8'3C’ further suggests the
possibility that yearly variation in WBED is ultimately driven by var-
iation in zooplankton community structure and abundance influenced
by GoA intrusion. One environmental factor that stands out between
early and late winter 2012/13 and 2015/16 is temperature. The winter
of 2012/13 was one of the coldest in the nine-year time series - No-
vember and December 2012 were the coldest November and December
months since 2007, while January through March 2013 was relatively
average for temperature (Cordova NOAA tide station data). Cold tem-
peratures reduce the metabolism of fish, possibly making it easier to
survive the winter. Accordingly, fish captured in the spring of 2013
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were among the highest quality in the time series. The fall of 2015
occurred during a marked warming period in the GoA (Bond et al.,
2015). Temperatures leading into the fall of 2015 were anomalously
warm and associated with reduced quality of juvenile herring. Thus,
even in the relatively short time series presented here, there appears to
be links to water temperature regimes in PWS and the GoA, where cold
environmental conditions enhance the energy density of fish, while
warm environmental conditions reduce juvenile herring quality. We
note, however, that temperature is one of many environmental factors
that shape yearly conditions for juvenile herring. A recent study by
Ward et al. (2017) noted freshwater discharge as an important factor
influencing herring productivity in PWS before, during and after the
Exxon Valdez oil spill. Further, the intensity of downwelling on the shelf
is known to play a role in GoA intrusions into PWS with seasonal
variability important to “river-lake” dynamics (Cooney et al., 2001a).
However, we note that downwelling intensity has not consistently
correlated with annual measures of spring zooplankton stocks (Eslinger
et al., 2001).

It is interesting that the interaction between §'3C’ isotope signature
and region was only supported for November analyses, while the in-
teraction between §'3C’ isotope signature and year was supported for
March analyses. This result leads us to highlight the important seasonal
differences driving intrusion of water from the GoA into PWS that then
shapes energy density of juvenile herring in the fall, and the likely
scenario that winter-feeding by juvenile herring might enrich their
tissues without considerable energy gain, thereby removing any re-
lationship between WBED and 8'3C’ isotope signature in the spring.
Enhanced winter downwelling is predicted to make PWS more “river-
like” flushing zooplankton out of the PWS system. Thus, it may not be
surprising that juvenile herring foraging during winter may be relying
more on local production than that from the GoA.

Lastly, larger fish were more energy dense during both early and
late winter seasons. Our results generally follow those from early stu-
dies by Paul and Paul (1998) that showed larger fish, from older age
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classes, are more energy dense. However, age-0 herring are thought to
build nutrient reserves through their first fall that are used during
overwinter while fasting when food availability is low (Blaxter and
Holiday, 1963; Norcross et al., 2001; Paul et al., 1998). High temporal
resolution studies have indicated that fish maximized their energy le-
vels in November and energy is rapidly lost over the next one to two
months, with energy maintained at minimum levels through March
(Gorman, Sewall and Heintz, unpubl. data). Growth during winter ap-
peared minimal, yet fish sampled in the spring were larger than those
sampled in the fall (Gorman, Sewall and Heintz, unpubl. data), sug-
gestive of size-dependent mortality (see also Foy and Norcross, 1999;
Norcross et al., 2001; Paul et al., 1998). Our observation regarding the
positive relationship between size and energy density of juvenile her-
ring provides a plausible mechanism underlying overwinter size de-
pendent mortality. Through experimental studies, Paul and Paul (1998)
determined that captive juvenile herring that died from starvation had
WBED values < 3.2 — 3.6 kJ/g wet weight. Our results show WBED of
juvenile herring in March to range between 3 — 4 kJ/g wet mass (Figs. 5
and 6, Supplemental material Figs. 3 and 4), which is generally in the
range detected by Paul and Paul (1998), and further supports the idea
that juvenile herring in the spring appear to exist near the energetic
limits that support life.

In summary, the quality of juvenile herring in PWS appears to be
influenced by oceanographic exchange with the GoA that is facilitated
by PWS bathymetry and circulation, in addition to local temperature
regimes. Zooplankton community structure and abundance presumably
act as important transport mechanisms for GoA carbon to PWS juvenile
herring. The energetic condition of young herring is enhanced in the
northern and western regions of PWS and during colder temperature
regimes. Best-supported models for both November and March had
relatively low pseudo R* values (0.20-0.26), highlighting that other
factors must be important predictors of WBED for young herring. For
this reason, it remains dubious whether oceanographic exchange with
the GoA is driving energetic variability that influences juvenile herring
production and recruitment to the spawning population. Links between
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GoA and PWS oceanographic exchange and juvenile herring recruit-
ment would be better established by long-term coupled oceanographic
(zooplankton community structure and abundance, as well as 8'°C and
8'°N stable isotopes) sampling in the GoA and PWS much like the work
reported by Kline (2009), as well as modeling of these connections
(Coyle et al., 2013). Other possible approaches include using isotope
methods to compare the geochemical signature of otoliths between
juvenile herring in the eastern and western/northern regions of PWS
during their first summer growth phase and those of older, recruited
herring (e.g., Walther et al., 2008). If a large proportion of the
spawning population had otolith geochemical signatures from the first
summer growth phase that are more similar to juveniles from a specific
region of PWS, greater links between GoA/PWS oceanographic ex-
change and herring recruitment would be established.
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Appendix A. Candidate model sets for describing variation in November and March whole body energy density of juvenile Pacific herring

in Prince William Sound, Alaska

Carbon Stable Isotope Analyses

Model number Response variable

Explanatory variables
~1, random = ~1 + FL|Collection Bay (null)

Nitrogen Stable Isotope Analyses

Model number

O 0O NOU D W -

Response variable

Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)
Nov or Mar WBED (kJ/g)

~FL + 8'3C’, random = ~1+FL|Collection Bay

1 Nov or Mar WBED (kJ/g)

2 Nov or Mar WBED (kJ/g)

3 Nov or Mar WBED (kJ/g) ~FL
4 Nov or Mar WBED (kJ/g) ~FL
5 Nov or Mar WBED (kJ/g) ~FL
6 Nov or Mar WBED (kJ/g) ~FL
7 Nov or Mar WBED (kJ/g) ~FL
8 Nov or Mar WBED (kJ/g) ~FL
9 Nov or Mar WBED (kJ/g) ~FL
10 Nov or Mar WBED (kJ/g) ~FL

+ Region, random = ~1 + FL|Collection Bay

+ Year, random = ~1 +FL|Collection Bay

+ 8'3C” + Region, random = ~1 +FL|Collection Bay

+ 8'3C’ + Year, random = ~1 +FL|Collection Bay

+ Region + Year, random = ~1 +FL|Collection Bay

+ 8'3C’ + Region + Year, random = ~1 + FL|Collection Bay

+ 8'3C’ + Region + Year + 8'3C’*Region, random = ~1 + FL|Collection Bay
+ 8'3C” + Region + Year + 8'3C’*Year, random = ~1 +FL|Collection Bay

Explanatory variables
~1, random = ~1 + FL|Collection Bay (null)

~FL

+ 8'°N, random = ~1 +FL|Collection Bay

+ Region, random = ~1 + FL|Collection Bay

+ Year, random = ~1 +FL|Collection Bay

+ 8'°N + Region, random = ~1 +FL|Collection Bay

+ 8N + Year, random = ~1 +FL|Collection Bay

+ Region + Year, random = ~1 +FL|Collection Bay

+ 8'°N + Region + Year, random = ~1 +FL|Collection Bay

+ 8'°N + Region + Year + 8'°N*Region, random=~1+ FL|Collection Bay
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10 Nov or Mar WBED (kJ/g)

Deep-Sea Research Part I 147 (2018) 116-126

~FL + 8'°N + Region + Year + §'°N*Year, random = ~1 +FL|Collection Bay

Abbreviations: WBED = whole body energy density, FL = fork length, 8'*C’ = lipid corrected carbon stable isotope signature.

8!5N = nitrogen stable isotope signature.

Appendix B. Supporting information

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.dsr2.2017.10.010.
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