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Abstract

Significant changes in fisheries resources have occurred in the Gulf of Alaska
(GOA) in the mid 1970s, with an increase in groundfish and a decrease in crab and
shrimp populations. Increased fishing pressure and such events suggest that the GOA is
susceptible to climate variation; however the mechanistic links between ecosystem
change and climate remain unclear. At-sea surveys were undertaken during the month of
May from 1998 to 2009 to collect data on zooplankton abundance and water mass
properties in the northern GOA. Significant changes in temperature, salinity and
zooplankton abundance were identified during this period. The euphausiid Thysanoessa
inermis and the copepod Calanus marshallae had increased abundances in years when
there was a strong phytoplankton spring bloom preceded by anomalously cold winters.
The euphausiid Euphausia Pacifica and the copepods Pseudocalanus spp., Neocalanus
plumchrus/flemingeri, and Oithona spp. were more resilient to relatively high mean water
temperatures. High zooplankton abundances in years of substantial cross-shelf mixing
suggest that iron and nutrient transport between the shelf and oceanic domains are
essential for sustaining high zooplankton populations via phytoplankton blooms. The
abundance of zooplankton in the northern GOA is highly influenced by advective
processes and changes in temperature. Further understanding of biological and physical
mechanisms that control the GOA ecosystem are of major importance to predict the

response of zooplankton communities to environmental changes.
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1. Introduction

The northern shelf of the Gulf of Alaska (GOA) is a rich and diverse ecosystem,
which sustains a number of important fisheries resources such as crustaceans, salmon,
halibut, pollock and sablefish (Ware and McFarlane, 1989; Weingartner et al., 2002;
Willette et al., 2001). Mesozooplankton are a critical trophic link between these
commercial target species and microplankton (both primary producers and
microheterotrophs) (Armstrong et al., 2005; Dagg et al., 2006; Liu et al., 2008; Sigler et
al., 2001), such that high zooplankton abundance may increase the probability of survival
of juvenile salmon (Willette et al., 2001) and suppress the increase in biomass of
microzooplankton (Strom et al., 2007).Therefore, it is important to better understand the
variations in zooplankton abundance and their associations with physical changes in the
marine environment.

The zooplankton community in the northern GOA is mainly composed of
copepods, euphausiids, chaetognaths, pteropods, larvaceans and cnidarians (Coyle and
Pinchuk, 2003). The biomass in the zooplankton community is usually dominated by
large oceanic copepods, such as Neocalanus cristatus, N. plumchrus, N. flemingeri and
Eucalanus bungii, which are responsible for the annual biomass peak during spring and
early summer (Coyle and Pinchuk, 2003; Coyle and Pinchuk, 2005). This seasonal
biomass peak is related to life cycle timing of these dominant copepod species, which
over-winter in deep waters below the pycnocline and their nauplii migrate above the
pycnocline in spring and early summer to feed and complete their somatic growth

(Kobari and Ikeda, 2001a; Miller and Clemons, 1988; Tsuda et al., 1999). Subsequently,



the rapid summer decline in biomass in surface waters occurs mainly because these four
species migrate to diapause in deep waters (Coyle and Pinchuk, 2005; Kobari and Ikeda,
2001b; Tsuda et al., 2004). Conversely, smaller more neritic copepods, such as Metridia
pacifica, Pseudocalanus spp. and Oithona spp., are the most populous species in the
zooplankton community, which have their annual abundance peak in summer. Therefore,
the biomass and abundance peaks in zooplankton species in the GOA are mainly
represented by oceanic and neritic copepod species, respectively (Coyle and Pinchuk,
2003).

Zooplankton species may respond differently to changes in temperature and food
concentration, and their abundance may also change as a result of vertical and cross-shelf
mixing that may affect dispersal of organisms in the water column (Coyle and Pinchuk,
2005; Mackas and Coyle, 2005; Pinchuk et al., 2008). Species that are abundant in the
upper mixed layer such as Neocalanus plumchrus and N. flemingeri are more likely to be
advected onshore by Ekman transport, while species that are abundant below the mixed
layer such as N. cristatus and E. bungii are less likely to be advected onshore by surface
currents (Coyle and Pinchuk, 2005). Taxa that undergo diel vertical migration such as
Metridia spp. and euphausiids will be influenced by Ekman transport at night and
subsurface flow during the day. Mixing processes can influence the distribution of
zooplankton species, such that oceanic species are advected into the coastal habitat and
neritic species towards the slope (Coyle and Pinchuk 2005; Mackas and Coyle 2005;
Pinchuk et al. 2008). These processes include seasonal changes in cyclonic winds and

Ekman transport and interaction of currents with the complex coast and bathymetry that



can generate eddies and meanders that enhance cross-shelf transport of water masses
(Okkonen et al. 2003; Weingartner et al. 2005; Janout et al. 2009). The shelf ecosystem
in the GOA undergoes shifts in crustacean and fin-fish populations. In the mid-1970s,
salmon and ground fish populations increased, while crab and shrimp populations
decreased, and these changes corresponded to a strong regime shift in 1976-77 (Anderson
and Piatt, 1999; Francis and Hare, 1994; Mantua et al., 1997). Later in the 1980s, marine
mammal and seabird populations also declined, while the ground fish populations
continued to increase (Hatch and Sanger, 1992; Merrick et al., 1987; Springer, 1998).
The mechanism linking oceanographic regime shifts to the response by fisheries
populations remains unclear, but the link is likely to involve shifts in the abundance,
biomass and species composition of primary producers and secondary consumers. Long-
term observation programs may help identify vulnerable populations and their response
to changes in the physical environment. This paper outlines the response of major
mesozooplankton taxa to changes in the environment of the GOA shelf and investigates
the following hypotheses: 1) Inter- annual variability in zooplankton abundance is
influenced by changes in water mass properties, 2) zooplankton species in the GOA will
respond differently to changes in water mass properties according to their distribution
along the shelf (neritic and oceanic) and within the water column (mixed layer, below

and within the pycnocline).

2. Methods



2.1.  Study area

The northern GOA is a very dynamic environment, and has a complex bathymetry
with many canyons, troughs and a deep shelf (Weingartner et al., 2005). During fall and
winter, strong westward alongshore winds cause onshore Ekman transport and coastal
downwelling. During spring and summer downwelling diminishes as winds relax
(Stabeno et al., 2004; Weingartner et al., 2005). The main currents in this region are the
Alaska Coastal Current (ACC), which flows westward within 20-50 km of the coast
(Royer, 1982; Weingartner et al., 2005), and the Alaska Current seaward of the
shelfbreak, which narrows and intensifies west of Kodiak Island to become the Alaskan
Stream, a western boundary current of the Subarctic Gyre (Figure 1) (Reed, 1984; Reed
and Stabeno 1989).

The study area was divided into three zones: the inner and middle shelves and the
oceanic domain (Figure 2). Here the shelf is broad (160 km wide) and deep, with bottom
depths exceeding 150 m. Irregular bathymetry characterizes the shelf; water shoals from
250 m on the inner shelf to 150 m in the middle shelf before deepening again (Figure 2).
The inner shelf is highly influenced by freshwater runoff, and in late spring and summer,
high salinity oceanic waters penetrate the sub-surface waters of the inner and middle
shelves, which have a mixture of neritic and oceanic waters (Coyle and Pinchuk, 2005).
The oceanic domain has high salinity basin waters, and can be subject to mesoscale
anticyclonic eddies propagating westward along the shelfbreak and slope (Janout et al.

2009; Okkonen et al., 2003).



Surveys were conducted along the Seward line (~220 km) during May from 1998-
2009 (Figure 2) as part of the Global Ocean Ecosystems Dynamics (GLOBEC) Long
Term Observation Program (LTOP) in the northern GOA, Rough weather precluded a
complete coverage of the Seward line in 2008; hence, this survey year was not included
in the analyses. Data from May were chosen for analysis because zooplankton biomass
peaks during this month (Coyle and Pinchuk, 2003; Coyle and Pinchuk 2005) and
because continued sampling in May has provided an uninterrupted time series from 1998

to 20009.

2.2.  Data Collection

From 1998 — 2004 large zooplankton and micronekton (Neocalanus cristatus,
Eucalanus bungii, Calanus marshalae, Metridia spp., Neocalanus plumchrus,
Neocalanus flemingeri, Thysanoessa inermis, Euphausia pacifica, Thysanoessa spinifera,
Pterapods and Chaetognatha) were collected with a 1 m? Multiple Opening/ Closing Net
and Environmental Sampling System (MOCNESS) (Wiebe et al., 1976) with 500 um
mesh nets. This was replaced with a Hydrobios Midi (0.25 m?) MultiNet of the same
mesh size from 2005-2009. No significant difference in catches between MOCNESS and
MultiNet have been identified in the upper 100 m of the water column (Skjodal et al.
2013), therefore the change between MOCNESS and MultiNet is not a source of bias in
data presented in this study. Nets were fished at night and five oblique samples were
collected in 20-m increments from 100 m depth to the surface. The small-bodied

zooplankton (Pseudocalanus spp., Oithona spp., Acartia spp., calanoid nauplii and



larvaceans) component was sampled with a 25-cm diameter CalVET system (CalCOFI
Vertical Egg Tow; Smith et al. 1985) having 150- um mesh nets. Each net was equipped
with General Oceanics flowmeters in the mouth of the nets to monitor volume filtered.
The net was fished at daytime and vertically from 100 m depth to the surface.
Zooplankton samples were taken at 13 stations spaced 18 km apart along the Seward line
(Figure 2). Samples were preserved in a 10% formalin seawater solution and stored for
later analysis. All animals in the samples were sorted and identified to the lowest
taxonomic category possible; abundance estimates were calculated following the methods
of Coyle and Pinchuk (2005). Results in the present study were integrated for the upper
100 m of the water column. Coyle and Pinchuk (2005) describe in detail the zooplankton
depth distribution in the northern GOA.

Conductivity-temperature-depth (CTD) profiles were collected from surface to
bottom at 1 m increments using a Seabird model 911 Plus fitted with conductivity,
temperature and fluorescence sensors (Weingartner et al., 2005). Nineteen stations at ~8
km intervals were sampled along the shelf and slope, and 3 stations at ~18 km intervals
were sampled off the shelfbreak (Figure 2). Mean temperature, salinity and sigma-t were
calculated by averaging data from the upper 100 m. Pycnocline depths were determined
by calculating the depth of maximum vertical gradient in sigma-t through the water
column. Average upper and lower temperatures, salinities and sigma-t were calculated
above and below the pycnocline. In addition, the stratification parameter, the energy
required to redistribute the water-column mass by complete vertical mixing (J m=), was

computed as in Simpson et al. (1977):
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where z is the vertical coordinate (positive upwards), h is the depth, p is the density with

<

mean p, and v is the work which would be done in redistributing the mass in bringing

about complete vertical mixing.

2.3. Data analysis

The data collected in this study were used to characterize inter-annual variations
in zooplankton abundance and water mass properties and to identify the underlying
relationship between mean zooplankton abundance and water mass properties during the

period of 1998-2009, in the northern GOA.

2.3.1. Inter-annual variation

Analysis of variance (ANOVA) (Zar, 1999) was used to test the alternative
hypothesis that mean zooplankton abundance, salinity, temperature, pycnocline depth and
stratification parameter were different among years The most abundant taxonomic
groups in our surveys were selected for the analysis. Copepodid stages 1V to VI of the
Neocalanus plumchrus-N. flemingeri species complex were routinely identified to
species. Earlier stages were referred to as Neocalanus plumchrus-flemingeri. Metridia
pacifica represented the majority of Metridia spp. while Metridia okhotensis were less
abundant. Pseudocalanus spp.were not identified to species level. Species likely to

occur in the northern Gulf of Alaska include P. minutus, P. moultani, P. newmani and P.
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mimus. Species previously identified from Shelikof Strait include all of the above except
P. moultani (Siefert, 1994). Oithona similis represented the majority of Oithona spp.
while Oithona spinirostris represented < 0.1 %. Only adult and occasionally stage V
Acartia were identified to species. Earlier copepodids were identified as Acartia spp.
The specimens identified to species were A. longiremis and A. hudsonica. Limicina
helicina composed 90% of the Pterapods in the samples. Larvaceans were often damaged
by the nets during collection; therefore it was not possible to identify them to the species
level. Due to the reasons stated above the following taxonomic categories were used in
this study: 1-Pseudocalanus spp.; 2-Oithona spp. 3-Acartia spp., 4-Metridia spp., 5-
Calanus marshallae, 6-Neocalanus plumchrus and Neocalanus flemingeri, 7-Neocalanus
cristatus, 8-Eucalanus bungii, 9-Calanoid nauplii, 10-Euphausia pacifica, 11-
Thysanoessa inermis, 12-Thysanoessa spinifera, 13-Pteropoda, 14-Chaetognatha, 15-
Larvacea. Zooplankton analyses were performed using STATISTICA 6 software.
Zooplankton abundance was power transformed (raised to the power of 0.15) to stabilize
the variance and tests were considered significant at p < 0.05. Tukey’s test was used to
identify which years had significantly different mean zooplankton abundance. The
sampling unit used for this analysis was a station/year combination, such that the annual
values were obtained by computing the mean of all stations sampled in each year.
ANOVA and Tukey’s test were also used to test for the interannual differences in
zooplankton abundance, salinity, temperature, pycnocline depth and stratification

parameter among the inner, middle and offshore zones. The sampling unit used for this
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analysis was a zone/year combination, such that the annual values were obtained by
computing the mean of all stations in each zone sampled in each year.
2.3.2 Model development

Generalized additive model regressions (GAM) (Hastie and Tibshirani, 1990;
Wood, 2006) were used to investigate the relationship between zooplankton abundance
and water mass properties. GAM is a non-parametric regression method, which allows
the modeling of a curved relationship between the response and explanatory variables and
can allow for non-normality in the errors. A GAM is comprised of a response variable,
an additive predictor, and a link function that links the two components. A model with p

explanatory variables has the following form:
P
g(u) =aX fi(x) (Equation 2)
j=1

Where W is the mean of the response variable, « is a constant term, f; are the non-

parametric smoothing functions of the explanatory variables Xj, and g is the link function.

In this study the response (or dependent) variables in the GAMs were mean
abundance of each zooplankton taxon per station. GAMs were run using the mgcv
library in R, version 2.11.1 (Wood, 2004), with a gaussian family (normal distribution
with an identity link function), and cubic regression splines as the smoothing function of
predictor variables. For each taxon, a subset of predictor variables (water mass
properties) that produced the best-fit models was selected using generalized cross
validation (GCV) methods (Wood, 2006). Significance of the predictor variables was

assessed by using Chi-square statistics calculated by R (R Development Core Team
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2009). In addition, partial regression plots showing the additive effect of each predictor
variable on the abundance of each zooplankton taxa were examined for linearity,
significance and positive and negative effect. Residuals from best-fit models were
checked for the assumption of independence and identical distributions. The resulting
best-fit models were used to indicate which predictor variables may have a significant

effect on the abundance of each zooplankton taxa.

3. Results

3.1. Inter-annual variation

ANOVA results including years (1998-2009) and zones (inner and middle
shelves, and oceanic domain; Figure 2) were the same as the results for ANOVA
including years only. We also performed the analyses for each zone separately and the
results still followed the same trend as the year comparisons alone. Therefore, only
results from ANOVA by year are included in this paper. Significant inter-annual changes
were observed in water mass properties (Table 1; Figures 3 and 4) and zooplankton
abundance (Table 2, Figures 5-7) in May along the Seward line in the northern GOA.
Mean temperatures below the pycnocline and mean temperatures in the upper 100 m
were relatively higher (> 6.00°C) in 1998, 2003 and 2005, and lower (< 5.00°C) in 2002,
2007 and 2009 (Table 1; Figure 3a). Mean salinities in the upper 100 m and mean
salinities above and below the pycnocline were relatively lower (< 32.20) in 2004 and

2005, and higher (> 32.20) in 1999, 2000 and 2001(Table 1; Figure 3b). Relatively high
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(> 6.00°C) mean temperatures above the pycnocline and enhanced stratification (> 50 J
m3) of the water column occurred in 1998, 2000, 2003, 2005, and 2009 (Table 1; Figures
3a and 4a). Stratification parameter was highest in 1998, 2000, 2003 and 2005 ranging
between 58.77 and 69.68 J m (Table 1; Figure 4a) and pycnocline depth was shallower
in 2005 and 2009 than in 1999, 2001 and 2002 (Table 1; Figure 4b). Highest abundances
of dominant copepod species (Pseudocalanus spp., Oithona spp., calanoid nauplii,
Neocalanus plumchrus and N. flemingeri, and Metridia spp.) occurred in 1998, 2000,
2002, 2005 and 2006 and were lowest in 1999 and 2001 (Table 2, Figures 5a, 5b, 6d and
6 b-c). However, euphausiids showed different trends, with abundance peaks of
Euphausia pacifica in 1999 and 2005, Thysanoessa inermis in 2001, 2002, 2007 and
2009, and Thysanoessa spinifera in 2000, 2001 and 2009 (Table 2, Figures 6 d-f).
Oceanic copepod, E. bungii had highest abundance in 2006 and lowest abundance in
1998, while N. cristatus showed no significant inter-annual differences in abundance
(Table 2; Figures 5e and f). Furthermore, copepods C. marshallae, Acartia spp. had
highest abundance in 2005 and 2006 (Table 2; Figures 5c¢ and 6a). Highest abundance of
pterapods and chatognaths occurred in 2005 and 2003, respectively, while lowest

abundance of larvaceans occurred in 2001 (Table 2; Figure 7a-c).

3.2. GAM results
Best-fit GAMSs showed significant relationships between zooplankton abundance
and water mass properties. Salinity had a significant effect on the abundance of 13 out of

15 zooplankton taxa and temperature had a significant effect on 9 taxa. Pycnocline depth
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did not have a significant effect on the abundance of any zooplankton taxa, while the
stratification parameter had a significant effect on only two out of 15 zooplankton taxa
(Table 3).

Calanus marshallae has the strongest GAM model which explained 74% of the
variance in its abundance. Mean salinity above the pycnocline had strong negative effect
on the abundance of C. marshallae, while mean salinity below the pycnocline and mean
temperature below the pycnocline had a weaker effect on C. marshallae abundance
(Table 3; Figure 8).

Pseudocalanus spp. and Acartia spp. abundances were negatively associated with
mean salinity in the upper 100 m (Figures 8 and 10). Eucalanus bungii and Neocalanus
cristatus were positively associated with mean salinity in the upper 100 m (Figure 10),
such that E. bungii and N. Cristatus showed decreased abundance at < 31.6 and <32.3
salinity respectivily. Mean salinity in the upper 100 m was negatively associated with
Neocalanus plumchrus and Neocalanus flemingeri abundance when salinity values were
approximately > 32.25 (Figure 10). Mean salinity above the pycnocline, within the 31.60
to 32.75 range, had a significant effect on the abundances of Metridia spp. and calanoid
nauplii; these groups were negatively associated with salinities > 32.60 and >32.50,
respectively (Figures 9 and 10). Oithona spp. was associated with mean salinity above
the pycnocline, within the 32.00 to 32.75 range, and had a negative response to salinities
> 32.30 (Figure 9). Mean salinity above the pycnocline within the 31.50 to 32.75 range,
had a significant effect on the abundance of larvaceans, which exhibited a variable

response within this range. Larvaceans showed an increase in abundance and small
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confidence intervals at 32.00 and 32.50 salinities and a decrease in abundance at 31.50
and 32.75 salinities (Figure 11). Thysanoessa spinifera were associated within a narrow
mean salinity range 32.25-32.50 below the pycnocline (Figure 11).

Mean temperature in the upper 100 m had a weak effect on the abundance of
Eucalanus bungii, a negative effect on the abundance of Thysanoessa inermis and a
positive effect on pteropods (Figures 10, 11 and 12). Furthermore, Pseudocalanus spp.
and Euphausia pacifica had a positive response to mean temperatures in the upper 100 m
between 5.75 and 6.25°C and between 4.5 and 5.5°C, respectively (Figures 8 and 11 ).
Mean temperature above the pycnocline had a weak effect on the abundance of calanoid
nauplii and a positive effect on the abundance of Oithona spp. when temperatures were 6-
7°C (Figure 9). In addition, mean temperature below the pycnocline was positively
associated with the abundance of Chaetognatha (Figure 11). Finally, Pseudocalanus spp.
and pteropods were associated with stratification parameters near 60 (J m) (Figures 8

and 12).

4. Discussion

This study showed a wide range of associations between zooplankton abundance
and water mass properties, suggesting complex interactions of abiotic and biotic factors
that influence zooplankton distribution and abundance in the northern GOA. Mixing
processes can influence the distribution of zooplankton species, such that oceanic species
are advected onshore into the coastal habitat and neritic species offshore over the slope

(Coyle et al., 2013; Coyle et al., 2012; Mackas and Coyle, 2005). These processes
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include seasonal changes in winds and Ekman transport and interactions of currents with
the complex coast and bathymetry that can generate eddies and meanders that enhance
cross-shelf transport of water masses (Janout et al., 2009; Okkonen et al., 2003;
Weingartner et al., 2005). Species that are abundant in the upper mixed layer such as
Neocalanus plumchrus and N. flemingeri are more likely to be advected onshore by
Ekman transport, while species that are abundant below the mixed layer such as N.
cristatus and Eucalanus bungii are less likely to be advected onshore by surface currents
(Coyle and Pinchuk, 2005). Taxa that undergo diel vertical migration such as Metridia
spp. and euphausiids will be influenced by Ekman transport at night and subsurface flow
during the day.

Many of the zooplankton in the GOA are herbivorous and depend on high
primary productivity. The GOA basin is a nitrate-rich-iron-limited environment (Wu et
al., 2009), but the ACC is iron-rich and nitrate is limited in late spring and summer
(Childers et al., 2005; Strom et al., 2007; Wu et al., 2009). Physical processes that
enhance cross-shelf mixing should elevate primary production and may result in higher
zooplankton abundance (Coyle et al., 2013; Coyle et al., 2012). Therefore, the intensity
and timing of these abiotic and biotic processes may affect zooplankton abundance in the
northern GOA.

4.1 Climate variablibily and changes in zooplankton abundance

The data presented in this study overlapped with positive and negative phases of

the Pacific Decadal Oscillation (PDO) and EI Nino Southern Oscillation (ENSO). The

effects of ENSO events in the northern GOA are mainly manifested in winter/spring and
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have been observed to influence water mass properties in May (Weingartner et al., 2005).
The year of 1998 was the end of positive PDO phase and also a 1997-98 El Nino event,
while 1999-2002 corresponded to a negative phase of the PDO including two La Nina
events in 1998-99 and 1999-2000, followed by a positive phase of the PDO from 2003-
2006 and a negative PDO phase from 2007-2009, with an EI Nino event in 2002-03 and a
La Nina event in 2007-08 (http://research.jisao.washington.edu/pdo/;
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml).
Mean temperature and salinity values observed in this study show the occurrence of cool
and saline waters during negative phases of the PDO and La Nina years, and warm and
low salinity waters during positive phases of the PDO and EI Nino years. Neritic (T.
inermis and T. spinifera) and oceanic euphausiids (E. pacifica) showed opposing trends
in abundance during PDOs of the same phase, such that neritic (oceanic) species had an
increasing (decreasing) trend in abundance during the negative PDO phase and oceanic
(neritic) species had and increasing (decreasing) trend in abundance during the positive
PDO phase. E. pacifica is close to its northernmost range in the GOA, such that it may
benefit from higher mean water temperatures. T. inermis on the other hand benefits from
colder water temperatures in the winter (Pinchuk et al., 2008). During the cool and saline
years of the moderate negative PDO phase from 1999-2002, abundances of oceanic
(Neocalanus plumchrus/N.flemingeri; Neocalanus cristatus and Eucalanus bungii) and
neritic copepods (Pseudocalanus spp., Acartia spp., and Calanus marshallae) were
highly variable, however most copepods showed a decreasing trend in abundance during

the cool and saline years of a stronger negative PDO phase from 2007-2009 and an
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increasing trend during the positive 2003-06 PDO phase. Lowest copepod abundance
occurred in 2001 and was represented by neritic species (Pseudocalanus spp. and C.
marshallae) and species that occur across the entire shelf and within the mixed layer
(Oithona spp. and N. plumchrus/N.flemingeri). Winter conditions from 1999-2000 La
Nina may have had a stronger influence on inner-shelf waters above the pycnocline than
in the oceanic domain and waters below the pycnocline, such that oceanic species E.
bungii and diel vertical migrating copepod species Metridia spp. did not show significant
low abundances in 2001. The inconsistencies in copepod abundance trends between
PDOs of the same phase may be partially explained by the dynamic nature of the GOA

shelf environment and the complex life history of the zooplankton community.

4.2 Inter-annual variability and zooplankton associations with water mass properties

Thysanoessa inermis was abundant in 2001, 2002, 2007 and 2009. Thysanoessa
inermis is mostly herbivorous, releases eggs only once per spawning season, and relies on
lipid storages to overwinter (Falk-Petersen, 1981; Falk-Petersen et al. 1981; Pinchuk and
Hopcroft, 2006). Furthermore, this species is characteristic of the shelf environment and
may benefit from enhanced primary productivity during the spring bloom (April-May)
(Coyle and Pinchuk, 2005; Lu et al., 2003; Pinchuk et al., 2008). Previous studies
suggest that increases in the abundance of T. inermis are largely dependent on body
condition before the spring bloom and that high chlorophyll a concentrations are required
to renew energy requirements after spawning (Falk-Petersen 1981; Falk-Petersen et al.,

2000). Hence, cold conditions in winter and early spring would lower metabolic rates
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and result in slow consumption of lipid stores and therefore stronger body condition in
spring (Pinchuk et al., 2008). Temperatures during the winters of 2001-2002, 2006-2007,
2007-2008 and 2008-2009 were anomalously low on the inner shelf in the northern GOA,
with mean water column temperatures < 5°C compared to mean water column
temperatures of ~6°C in the other winters (1998-2001; 2002-2006) (Janout et al., 2010).
High abundances of T.inermis in 2001, 2002, 2007 and 2009 after previous years of
anomalous low temperature support the concept that cooler temperatures contribute to
increased abundance of this species.

Euphausia pacifica is a subtropical-temperate species and is close to the northern
boundary of its distribution in the GOA, which is dominated by subarctic species
(Brinton, 1962; Mauchline and Fisher, 1969). In the present study warm water
temperatures were favorable to higher abundances of E. pacifica as observed in 1999 and
2005, while colder water temperatures were limiting to high abundances of E. pacifica as
observed in 2002, 2007 and 2009, when mean temperatures in the upper 100 m were
anomalously low. GAM results suggest that an increase in water temperature in the
upper 100 m contributes to an increase in abundance in E. pacifica until it reaches a
temperature threshold of 5.5 °C above which temperatures exert no consistent effect in its
abundance.

Pteropods and chaetognaths were positively associated with mean temperature in
the upper 100 m and below the pycnocline, respectively. Increased abundance of
chaetognaths has been associated with increased temperatures in the southeastern Bering

Sea and in the Kuroshio region in the western North Pacific (Baier and Terazaki, 2005;
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Nakata and Koyama, 2003). Furthermore, when water temperatures are higher later in
the year (July-October), chaetognaths reach their highest abundance and biomass (Coyle
and Pinchuk, 2003). Many chaetognath species are known to undergo diel vertical
migration; however, smaller individuals can remain at the surface, therefore being
exposed to more mixing within the mixed layer (Brodeur and Terazaki, 1999). High
abundances of pteropods in 1998, 2003, 2005 and 2006 occurred when mean temperature
in the upper 100 m and stratification parameter were highest, except for 2006 when water
column properties were average. Pterapods were one of the few species to show a
positive association with water column stability. Many pterapods are passive feeders that
capture food using a spherical mucous web several times the size of their body (Gilmer,
1972; Gilmer and Harbison, 1986) and may benefit from a more stable water column
given that intense mixing could damage the mucus web and make it difficult to capture

food.

4.3 Model analyses on selected species and their habitat - GAMs

Variations in the abundance of Pseudocalanus spp. include the response of
several species that occur in the northern GOA (P. minutus, P. moultani, P. newmani, P.
mimus) (Napp et al., 2005). GAMs showed the association of Pseudocalanus spp. with
neritic waters which were warm, stratified and had low salinities. Their abundance was
highest in years of low salinity, high temperature and stratification parameter. The

negative trend of Pseudocalanus spp. populations with salinity detected by the GAMs,
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indicates that the GAMSs extracted the general trend in the data, which may not hold for
individual years.

Calanus marshallae is a neritic species and is most abundant in the upper 40 m
(Coyle and Pinchuk, 2005). C. marshallae was most abundant in 2005 and 2006, and had
elevated abundance from the inner to the outer shelf. In 2005 and 2006 mean salinity
above the pycnocline was low and the 32.25 isohaline extended to the end of the Seward
line and the 32.50 isohaline extended to the middle shelf (GAK 6) (Figures land 13).
Salinities < 32.25 and > 32.50 are characteristic for the ACC and oceanic waters,
respectively (Weingartner et al., 2005). This suggests that enhanced cross-shelf mixing
of near-surface coastal waters with offshore waters enhances C. marshallae
concentrations. The cross-shelf advection in the Ekman layer promotes primary
production by mixing low-nitrate high-iron coastal water with low-iron high-nitrate
oceanic water. C. marshallae is an herbivorous species and is likely to benefit from
increased primary production (Baier and Napp, 2003).

Neocalanus cristatus and Eucalanus bungii had a positive response to mean
salinity in the upper 100 m, reflecting their association with oceanic waters. E. bungii
showed inter-annual variation in abundance. Conversely, there were no significant inter-
annual differences in the abundance of N. cristatus. GAM results suggest that E. bungii
abundance increases until salinity is about 31.5 and is fairly constant afterwards. Thus,
they appear to tolerate a broad spectrum of environmental conditions and are thus likely
to occur at most stations along the Seward line. However, N. cristatus populations do not

peak until salinity is greater than 32.3. These observations suggest that these animals

22



may be intolerant of the lower salinity associated with the ACC. The vertical distribution
of N. cristatus and E. bungii is different from the other Neocalanus spp., in that their
populations are highest in the 20-40 m depth, below the Ekman layer (Coyle and
Pinchuk, 2005). This means that they are less likely to be advected onshore by
downwelling conditions. The GAMs appear to reflect a vertical distribution which limits
the cross-shelf advection of N. cristatus and E. bungii relative to other species which are
most abundant in the upper 20 m. Therefore the GAMs reflect the tolerance of N.
cristatus and E. bungii not only to salinity and temperature, but also their susceptibility to
cross-shelf transport.

There was a sharp decrease in calanoid nauplii, Oithona spp. and Metridia spp.
abundance when salinity exceeded 32.5 in the upper mixed layer. Calanoid nauplii can
be from any calanoid species and differences in species composition are likely to
contribute to broader confidence intervals and standard errors. Oithona spp. and Metridia
spp. on the other hand, are dominated by one species each (Oithona similis and Metridia
pacifica, respectively) (Coyle and Pinchuk, 2003; Coyle and Pinchuk, 2005), so
differences in species composition are less likely to affect confidence intervals and
standard errors. High subsurface chlorophyll a concentrations associated with eddy
activity and salinities < 32.2 may have contributed to the high abundance of these taxa in
2000 and 2002 (Coyle and Pinchuk, 2005; Janout et al., 2009). Low abundances of
calanoid nauplii, relative to other years, may be partially explained by the cruise date (23-

28 May, 2003) being almost three weeks later than the other cruises in our study.
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Neocalanus plumchrus/N. flemingeri were abundant in 1998, 2002 and 2006 when
the 32.25 isohaline extended to the end of the Seward line (1998, 2006) and to the shelf
break (GAK 9, 2002), and the 32.50 isohaline extended to the inner (GAK 4, 1998,2002)
and middle shelves (GAK 7, 2006) (Figures 1 and 13). Salinities < 32.25 and > 32.50 are
characteristic of the ACC and oceanic waters, respectively, which suggests that the
Seward line was characterized by considerable cross-shelf mixing of oceanic and shelf
water salinity during these years. Neocalanus plumchrus/N. flemingeri feed mainly on
phytoplankton and microzooplankton (Dagg et al., 2006; Liu et al., 2008; Strom et al.,
2007). Their abundance appears to increase when mixing of iron-poor nutrient-rich
oceanic water and nutrient-poor iron-rich shelf waters occurs. Wind and eddy activity
often influence cross-shelf mixing and may contribute to enhanced production of chain-
forming diatoms and associated microzooplankton communities (Janout et al., 2009;
Okkonen et al., 2003; Strom et al. 2007). These conditions may have contributed to the
high abundances of N. plumchrus/N. flemingeri during this period.

In 2002 there was intense eddy activity along the Seward line (Coyle and
Pinchuk, 2005; Janout et al., 2009; Okkonen et al., 2003) and Calanus marshallae,
Neocalanus plumchrus/N. flemingeri and Thysanoessa inermis had high abundances
during this period. Calanus marshallae occurs along the coast and south towards Oregon
in the upwelling region, where production is elevated and temperatures are lower.
Thysanoessa inermis is a circumpolar arctic species that relies on lipid storage to
overwinter (Baier and Napp, 2003; Falk-Petersen, 1981; Peterson, 1998). Anomalously

cold conditions in winter and early spring in 2002 (Janout et al., 2010) may have
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contributed to higher overwintering survival of Calanus marshallae and Thysanoessa
inermis. Neocalanus plumchrus/N. flemingeri were likely unaffected by colder
conditions in the upper 100 m, since they overwinter in deeper water (Miller and
Clemons, 1988) and perhaps differences in the timing and intensity of the spring

phytoplankton bloom may have contributed to their elevated abundances in 2002.

5. Conclusions

The northern GOA has undergone significant variations in temperature, salinity
and zooplankton abundance in the month of May from 1998-2009. High zooplankton
abundances in years of substantial cross-shelf mixing suggest that iron and nutrient
transport between the shelf and oceanic domains are essential for sustaining high copepod
populations through large phytoplankton blooms. The abundance of zooplankton in the
northern GOA is highly influenced by advective processes and changes in temperature.
Their complex life histories, vertical distribution patterns and habitat associations, have a
major influence on the response of each taxon to changes in environmental conditions.
Further understanding of biological and physical mechanisms that control the GOA
ecosystem are of major importance to predict the response of zooplankton communities

to environmental change
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Figure Legends
Figure 1. Map of the Gulf of Alaska. The flow of the Alaska Coastal Currents and
Subarctic Gyre are indicated as are several geographic place names (After Reed and
Schumacher, 1986)
Figure 2. Station locations that were sampled in May (1998-2009) in the northern GOA
along the Seward line (220 km); black dots represent stations where zooplankton and
physical oceanography data were collected; stars represent stations where only physical
oceanography data were collected. Curly brackets indicate the three shelf zones (inner,
middle, oceanic). Inset map shows the Seward line location in the northern GOA.
Figure 3. Mean temperature (a) and salinity (b) by year along the Seward line in the
northern GOA in May 1998-2009. Above pycnocline (red); below pycnocline (green);
upper 100 m (blue); error bars indicate 95% confidence intervals
Figure 4. Mean stratification parameter (a) and pycnocline depth (b) by year along the
Seward line in the northern GOA in May 1998-2009 in the upper 100 m; error bars
indicate 95% confidence intervals
Figure 5. Mean abundance of zooplankton by year along the Seward line in the northern
GOA in May 1998-2009. CalVET tows (a)-(d); MOCNESS tows (e)-(f). Data are power
transformed (raised to the power of 0.15) to stabilize the variance; error bars are 95%
confidence intervals.
Figure 6. Mean abundance of zooplankton by year along the Seward line in the northern
GOA in May 1998-2009. MOCNESS tows (a)-(f). Data are power transformed (raised

to the power of 0.15) to stabilize the variance; error bars are 95% confidence intervals.
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Figure 7. Mean abundance of zooplankton by year along the Seward line in the northern
GOA in May 1998-2009. MOCNESS tows (a)-(b); CalVET tows (c). Data are power
transformed (raised to the power of 0.15) to stabilize the variance; error bars are 95%
confidence intervals.

Figure 8. GAM best-fit models for C. marshallae and Pseudocalanus spp., showing
fitted relationships and additive effects of significant water mass properties on
zooplankton abundance in May along the Seward line in the northern GOA 1998-20009.
Dashed lines: upper and lower pointwise twice-standard-error curves, ticks along the x-
axis: locations of data points along x-axis. For specific names see Table 3.

Figure 9. GAM best-fit models for Calanoid nauplii and Oithona spp., showing fitted
relationships and additive effects of significant water mass properties on zooplankton
abundance in May along the Seward line in the northern GOA 1998-2009. Dashed lines:
upper and lower pointwise twice-standard-error curves, ticks along the x-axis: locations
of data points along x-axis. For specific names see Table 3.

Figure 10. GAM best-fit models for Acartia spp., E. bungii, N. cristatus, Neocalanus
spp. and Metridia spp. showing fitted relationships and additive effects of significant
water mass properties on zooplankton abundance in May along the Seward line in the
northern GOA 1998-2009. Dashed lines: upper and lower pointwise twice-standard-error
curves, ticks along the x-axis: locations of data points along x-axis. For specific names
see Table 3.

Figure 11. GAM best-fit models for Larvaceans and T. spinifera, T. inermis, E. pacifica,

Chaetognatha, showing fitted relationships and additive effects of significant water mass
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properties on zooplankton abundance in May along the Seward line in the northern GOA
1998-2009. Dashed lines: upper and lower pointwise twice-standard-error curves, ticks
along the x-axis: locations of data points along x-axis. For specific names see Table 3.
Figure 12. GAM best-fit model for Pteropods, showing fitted relationships and additive
effects of significant water mass properties on zooplankton abundance in May along the
Seward line in the northern GOA 1998-2009. Dashed lines: upper and lower pointwise
twice-standard-error curves, ticks along the x-axis: locations of data points along x-axis.
For specific names see Table 3.

Figure 13. Farthest distance of 32.25 isohaline from shore at depths <100 m (white
circles) indicating the extent of neritic waters across the shelf, and closest distance of the
32.50 isohaline to shore at depths < 100 m (black circles) indicating the extent of oceanic

waters across the shelf , by year along the Seward line in the northern GOA in May.
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Tables
Table 1. Differences in mean water mass properties as identified by multiple comparison
Tukey test results: mean salinity (upper 100 m, MSal), mean salinity above the
pycnocline (UpSal), mean salinity below the pycnocline (LoSal), mean temperature
(upper 100 m, MTemp), mean temperature above the pycnocline (UpTemp), mean
temperature below the pycnocline (LoTemp) (°C), pycnocline depth (PycDep) (m), and
stratification parameter (StratPar) (J m3), by year along the Seward line in May 1998-

2009; Significant inter-annual differences are indicated by “>” and “<” at p-value < 0.05

Year
Variable 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2009
MSal 3211 3246 3250 3244 3223 3224 3196 32.08 32.16 32.31 3234
Tukey 2004 < 1999 = 2000 = 2001;
test
UpSal 31.81 3233 3226 3229 3210 3204 31.76 31.72 3192 3217 32.02
Tukey 2005 <1999 = 2001; 2004 < 1999
test
LoSal 3230 3263 32.61 32.63 3242 3229 3206 3216 32.27 32.36 3240
Tukey 2004 <1999 = 2000 = 2001; 2005 <2001
test
MTemp 6.70 559 595 5589 492 6.74 574 619 591 497 469
Tukey 1998 = 2003 > 2005 > 1999 = 2001 = 2004 > 2002 = 2007 = 2009
test
Table 1. Continued

Year
Variable 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2009
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UpTemp 694 576 680 570 512 831 6.235 769 627 562 6.04

Tukey 2003 = 2005 > 1998, 2000 ,2001, 2002, 2003, 2004, 2006, 2007, 2009; 1998 > 2001,
test 2002, 2003, 2004, 2006, 2007, 2009; 2000 > 1999, 2001, 2002, 2007, 2009; 2004
~2006 = 2009 > 2002,

LoTemp 6.52 552 5640 549 490 6.26 551 598 569 480 450

1998 = 2003 > 1999, 2000, 2001, 2002, 2004, 2005, 2006, 2007, 2009; 2005 > 1999,
2001, 2002, 2004, 2007, 2009; 1999 = 2000 = 2001 = 2004 = 2006 > 2002 = 2007 =
2009

PycDep  41.77 53.15 31.46 5585 57.77 2562 40.69 1754 30.62 33.46 1831

Tukey
test

StratPar  59.92 37.87 60.35 39.11 36.39 58.77 4294 69.68 43.40 26.50 59.08

2005 > 1999 = 2001 = 2002 = 2004 = 2006 = 2007; 2000 > 1999 = 2001 = 2002 =
2007,
1998 = 2009 > 1999 = 2002 = 2007; 2003 > 2002 = 2007

Tukey
test

2005 = 2009 <1999 = 2001 = 2002

Tukey
test
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Table 2. Differences in mean zooplankton abundance (number m-3) by year along the Seward line in May 1998-2009; as

identified by multiple comparison Tukey test results, significant interannual differences are indicated by “>" and “<” at p-value

<0.05

Variable

Year

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2009

Pseudocalanus spp.
Oithona spp.
Acartia spp.
Metridia spp.

Calanus marshallae

Neocalanus spp.
Neocalanus cristatus
Eucalanus bungii
Calanoid nauplii

Euphausia pacifica

2000 > 1999, 2001, 2003, 2007, 2009; 2001 < 1998, 2000, 2002, 2004, 2005, 2006
2000 > 1998, 1999, 2001, 2002, 2003, 2007, 2009; 2004 = 2005 =~ 2006 > 2009; 2001 < all years
2005 > 1998, 2007, 2009; 2006 > 1998, 2007

2002 > 1999

2006 > 1998, 1999, 2000, 2001, 2003, 2007, 2009;
2005 > 1999, 2000, 2001, 2003, 2007, 2009; 2002 = 2004 > 2001

1998 = 2006 > 1999, 2000, 2001, 2003, 2005, 2009; 2002 > 2000, 2001, 2003
none

2006 > 1998, 1999, 2002, 2003, 2007, 2009; 1998< 2000, 2001, 2004, 2005, 2006
2005 > 1998, 2001, 2003, 2009; 2000 =~ 2004 > 2001,2003,2009; 2001 < all years
1999 = 2005 > 2002, 2007
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Thysanoessa inermis

2009 > 1998, 1999, 2000, 2003, 2004, 2005, 2006;
2001 =2002~= 2007 > 1998, 1999, 2003, 2004, 2005, 2006

Table 2. Continued

Year

Variable 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2009
Thysanoessa 01 1998 2004, 2006: 2000 = 2009 > 2006
spinifera
Pteronoda 2005 > 1999, 2000, 2001, 2002, 2004, 2006, 2007, 2009; 2003 > 1999, 2000, 2001, 2002, 2004, 2007,

P 2009; 1998 =2006 > 1999, 2000, 2001, 2002, 2007, 2009; 2000 = 2001 = 2004 > 2007
Chaetognatha 2003 > 2009
Larvacea 2001 < 2002, 2004, 2005
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Table 3. Species zooplankton abundance (response variable) and water mass properties (explanatory variables)
used in best-fit GAM models; “MTemp” = mean temperature in the upper 100 m; “UpTemp” = mean temperature
above the pycnocline; “LoTemp” = mean temperature below the pycnocline; “MSal” = mean salinity in the upper
100 m; “UpSal” = mean salinity above the pycnocline, “LoSal” = mean salinity below the pycnocline; “PycDep” =
pycnocline depth; “Stratpar” = stratification parameter; black cells: variable contribution to model significant at
p<0.05; gray cells: variable contribution to model insignificant at p>0.05; white cells: variables absent from model;
pos: variable effect significant and positive; neg: variable effect significant and negative, blank cells: represent

neither positive or negative response please refer to Figures 8-12 for GAM plots

Species Water mass properties
Deviance
MTemp UpTemp LoTemp MSal UpSal LoSal PycDep StratPar Explained
(%)
C. marshallae - neg 74.0
Pseudocalanus neg 67.2
spp.
Pteropoda 55.7
Oithona spp. 55.0
Calanoid 47.1
nauplii
E. bungii 46.5
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Table 3. Continued

Species Water mass properties
Deviance
MTemp UpTemp LoTemp MSal UpSal LoSal PycDep StratPar Explained
(%)
Chaetagnatha 39.7
Metridia spp. 39.3
Acartia spp. 36.8
T. inermis neg 34.7
Larvacea 33.9
N. cristatus 29.3
E. pacifica pos 28.6
N. plumchrus 20.2
and N.
flemingeri
T. spinifera - 20.0
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