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Abstract

Coastal ecosystems in Alaska are undergoing rapid change due to warming and glacier recession. We used a natural gradient
of glacierized to non-glacierized watersheds (0-60% glacier coverage) in two regions along the Gulf of Alaska—Kachemak
Bay and Lynn Canal—to evaluate relationships between local environmental conditions and estuarine fish communities.
Multivariate analyses of fish community data collected from five sites per region in 2019 showed that region accounted for
the most variation in community composition, suggesting that local effects of watershed type were masked by regional-scale
variables. Seasonal shifts in community composition were driven largely by the influx of juvenile Pacific salmon (Oncorhyn-
chus spp.) in late spring. Spatiotemporal differences among fish communities were partly explained by salinity and tempera-
ture, which accounted for 19.5% of the variation in community composition. We used a multi-year dataset from Lynn Canal
(2014-2019) to examine patterns of mean length for two dominant species. Generalized additive mixed models indicated
that Pacific staghorn sculpin (Leptocottus armatus) mean length varied along site-specific seasonal gradients, increasing
gradually through the summer in the least glacially influenced sites and increasing rapidly to an asymptote of ~ 150 mm in
the most glacially influenced sites. Starry flounder (Platichthys stellatus) mean length was more strongly related to environ-
mental conditions, increasing with temperature and turbidity. Together, our findings suggest that community compositions
of estuarine fishes show greater variation at the regional scale than the watershed scale, but species-specific variation in size
distributions may indicate differences in habitat quality across watershed types within regions.
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Introduction including nutrient transfer, erosion control, coastal protec-

tion, and habitat connectivity (Barbier et al. 2011; Elliott
Global climate change is profoundly affecting estuaries, = and Whitfield 2011). The effects of climate change on estu-
which lie at the nexus of terrestrial, freshwater, and marine  aries vary with estuarine morphology and the structure of
ecosystems. Warming and hydrological changes have con-  surrounding watersheds, but globally, estuaries are experi-
sequences for a number of estuary ecosystem services,  encing more extreme salinities, acidification, and in some

cases, warming at twice the rate of the surrounding ocean
(Gillanders et al. 2011; Scanes et al. 2020). These habi-
tat changes are driving a variety of ecological outcomes,
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Whitfield 2011). Many of these organisms exist in very high
densities, in part because estuaries are highly productive
mixing zones (Caffrey et al. 2007). Thus, estuarine resi-
dent species may be more resilient than oceanic species to
climate-driven habitat changes.

Despite many studies linking environmental drivers
to community and species responses in estuaries, little is
known about these processes in glacially influenced sys-
tems, particularly in high latitude regions that are expe-
riencing rapid climate change, like the Gulf of Alaska
(GOA). Glaciers along the GOA are rapidly retreating, with
an estimated mass loss of ~75 Gt per year (1994-2013;
Larsen et al. 2015). Increased temperature and precipita-
tion in coastal Alaska (Wendler et al. 2017) has caused
increased summer runoff of cold, silty meltwater in glacier-
ized (ice-covered) watersheds (Hood et al. 2009; O’Neel
et al. 2015) and warmer water temperatures during summer
low flow periods in non-glacierized watersheds (Mantua
et al. 2010). The impacts of changes in runoff on estuarine
habitats and communities depend, in part, on the character-
istics of the watersheds draining into the nearshore marine
environment (Pitman et al. 2020; Sergeant et al. 2020).
Watersheds along the coast of the GOA represent a range
of freshwater conditions that are driven by rain, snow,
glacial melt, and low-elevation wetland runoff (Sergeant
et al. 2020). Thus, assessing the effects of climate change
on GOA estuarine communities requires an understanding
of species-environment relationships along a gradient of
glacierized to non-glacierized watersheds.

Estuaries along the GOA naturally experience a wide
range of environmental conditions that affect the distribution
and relative abundance of fishes that use estuaries as tempo-
rary or permanent habitat (Abookire et al. 2000; Miller et al.
2014). These characteristics may determine which species
can be successful in estuaries undergoing various trajectories
of change. For example, GOA estuarine residents like Pacific
staghorn sculpin (Leptocottus armatus) and starry flounder
(Platichthys stellatus) tolerate a range of temperatures and
salinities (Morris 1960; Takeda and Tanaka 2007). In con-
trast, juvenile coho salmon (Oncorhynchus kisutch) prefer
habitats with water temperatures less than 14.5 °C (Welsh
et al. 2001). The influx of cold water from glacial water-
sheds during the summer may help to maintain preferred
temperature ranges for some taxa, such as Pacific salmon
(Oncorhynchus spp.; Fellman et al. 2014, Pitman et al.
2020), but could be stressful for warm-acclimated species.
Freshwater drivers have variable ecological effects across
species; for instance, high river discharge has been linked
to higher densities of chum salmon (O. keta) (Kohan et al.
2013), but negatively affects recruitment of Pacific herring
(Clupea pallasii) populations (Ward et al. 2017, Grimaldo
et al. 2020). Glacial melt also contributes large quantities of
silt to the nearshore, which provides substrate beneficial for
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some species of flatfishes (Abookire and Norcross 1998).
Turbid river plumes can serve as a predation refuge for juve-
nile fishes, such as Pacific salmon (Fukuwaka and Suzuki
1998), and may be a rich feeding environment due to high
concentrations of pelagic prey (St. John et al. 1992). In con-
trast, turbidity can reduce growth in some young-of-the-year
fishes due to reduced consumption rates by visual foragers
(Ljunggren and Sandstrom 2007). In assessing environmen-
tal factors influencing estuarine fish communities across a
range of representative watershed types, we aim to better
understand how climate change is affecting GOA estuarine
ecosystems and what changes in fish communities we may
expect to see in the future.

The broad goal of this study was to improve our knowl-
edge of fish community composition and size structure in
glacially influenced Alaskan estuaries undergoing rapid
climate-driven change. Our first objective was to assess
environmental drivers of variation in estuary fish com-
munity composition during peak periods of productivity
and glacial runoff (spring and summer) in two regions of
the GOA, Lynn Canal (eastern GOA) and Kachemak Bay
(central GOA). In each region, we sampled five estuary
sites along a non-glacial to glacial watershed gradient (0 to
60% glacier cover). We tested the hypothesis that commu-
nity composition would show greater differences between
regions than among sites within a region because of differ-
ing oceanographic and habitat features between the eastern
and central GOA. Within regions, we expected strong sea-
sonal variation in community composition, driven by shifts
in habitat conditions and timing of key life history events
for particular species (e.g., recruitment pulses). Our second
objective was to quantify seasonal patterns of mean size
for two dominant estuarine fish species (Pacific staghorn
sculpin and starry flounder) using a multi-year dataset for a
subset of estuary sites and determine environmental condi-
tions explaining these patterns. These species are abundant
estuarine residents that are found at our sampling site year-
round, making them more likely to have growth responses
that reflect local environmental conditions. We hypoth-
esized that mean fish lengths would increase throughout
the spring and summer months, reflecting a temperature-
dependent growth response, and vary among sites with dif-
fering degrees of glacier coverage.

Methods
Study Sites and Field Sampling

We conducted field work in two coastal regions along the
GOA: Lynn Canal near Juneau in southeastern Alaska and
Kachemak Bay near Homer in southcentral Alaska (Fig. 1).
Lynn Canal is a fjord-like body with substantial freshwater
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Fig. 1 Map of Gulf of Alaska (top left inset) and sites within Kachemak Bay (left) and Lynn Canal (right). Sampling sites are marked by white
circles. Full names and watershed characteristics for each site are listed in Table 1. Map created by Chris Sergeant and used with permission

input, though it reaches high salinity below the freshwater
lens, while Kachemak Bay is largely open with influence
from GOA circulation patterns (Field and Walker 2003;
Weingartner et al. 2009). Within each region, we selected
five estuary sites fed by watersheds that range from approxi-
mately O to 60% glacier cover (Table 1; Fig. 1). While these
watersheds vary in their total area, river hydrology, and the
surrounding landscape, they were selected because they rep-
resented a subset of the dominant watershed-estuary types
feeding the GOA (Sergeant et al. 2020). At the estuary
sites, field sampling occurred at the adjacent river mouths
(Table 1) on shallow sloping intertidal habitat character-
ized by fine-grained sediments. Lynn Canal study sites had
relatively consistent substrates comprised of sand and mud,
while Kachemak Bay sites included a wider range of mud
to cobble substrate.

To capture fishes, we conducted monthly beach seine
sampling from April through September of 2019 at each of
the ten sites during the first negative low tide cycle of each
month. The range of sampling months was selected to capture
the period of peak freshwater discharge (Hood and Berner
2009; O’Neel et al. 2015) and the seasonality of estuary pro-
duction. All sampling was conducted during spring and sum-
mer seasons, according to their astronomical start dates (i.e.,
spring: March 20 to June 20, 2019; summer: June 21 to Sep-
tember 21, 2019). Sampling was conducted using a 15.2-m
long by 2.4-m deep beach seine (white stretched knotless
mesh, size 1.27 cm), following the seining protocols of pre-
vious studies conducted at these sites (Whitney et al. 2017,
2018; Duncan and Beaudreau 2019). The net was pulled by

two people parallel to the shore for 5-6 min; then, one end
was walked in an arc toward shore, effectively closing the net
before it was pulled to shore. To the extent possible, six sets
were conducted during the 4-5 h around low tide; occasion-
ally, fewer sets were completed due to logistical constraints.
Fish captured in the beach seine were identified to the low-
est taxonomic level possible and measured to fork length or
total length, depending on species, before release. To quan-
tify temporal patterns of mean size for two dominant estua-
rine fish species (Objective 2), we also analyzed data previ-
ously collected at four of the Lynn Canal sites from April to
September of 2014, 2016, and 2017 using nearly identical
sampling protocols, as described by Whitney et al. (2017),
Whitney et al. (2018), and Duncan and Beaudreau (2019).
Two net types were used during 2014-2017 sampling: the
same white mesh net described above (15.2 m longxX2.4 m
deep; 1.27 cm stretched knotless mesh) and a black mesh net
with the same dimensions but different mesh size (15.2 m
long X 2.4 m deep; 0.95 cm stretched knotless mesh).

Water quality measurements were taken immediately fol-
lowing beach seining at each site on a flood stage. We used a
handheld YSI Pro2030 (Xylem) instrument to measure salin-
ity (ppt) and temperature (°C) at three evenly spaced sta-
tions along an approximately 100 m transect perpendicular
to the beach, beginning just off the beach from the seining
site (station 1), 50 m off the beach (station 2), and 100 m
off the beach (station 3). At each station, water parameters
were measured at depths of 1 m and 5 m (if bottom depth
allowed). Surface water samples were collected at each
station and brought back to the lab to measure turbidity in
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Table 1 Estuary site information for each Gulf of Alaska region.
Estuary sampling at the Eagle River site (also known as Eagle Beach)
is downstream of the confluence of the Eagle and Herbert rivers, so
both watersheds are included in the table. Mean summer discharge
was calculated as the average daily discharge for June—September
2019. Discharge for the Eagle and Herbert rivers is based on modeled

values for the total discharge of both rivers. Mean summer tempera-
ture, salinity, and turbidity were calculated as average values recorded
from May to September 2019. Mean summer catch per unit effort
(CPUE) and species richness per unit effort (RPUE) were calculated
as the average number of fish or average number of species per five-

minute seine set for May—September 2019

Estuary site ~ Percent Glacier Water- Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean Mean
glacierized area shed area summer summer summer summer summer summer
(%) (km?  (km?) discharge (m%fs) temperature (°C) salinity (ppt) turbidity (NTU) CPUE RPUE

Kachemak Bay

Jakolof Bay 0 0 18.9 0.3 (0.2) 9.4 (2.6) 30.8 (2.1) 2.7(1.2) 19.4 3.6

Tutka Bay 8 5 66.0 7.7 (4.5) 9.6 (3.0) 28.5(4.3) 4.0 (3.3) 10.1 2.6

Halibut Cove 16 9 55.6 10.1 (8.7) 10.0 (2.9) 28.7 (2.5) 4.73.2) 9.2 3.6

Wosnesenski 27 69 257.0 105.0 (38.4) 9.6 (2.6) 28.8 (3.5) 12.5 (10.2) 31.6 4.0
River estuary

Grewingk 60 67 112.0 47.4 (18.0) 10.7 (3.1) 27.6 (4.0) 12.7 (32.6) 7.0 1.7
River estuary

Lynn Canal

Sheep Creek 0 0.03 15.5 1.3 (1.6) 10.0 (2.6) 22.1 (6.0) 29 @3.1) 32.7 4.1
estuary

Cowee Creek 10 12 119.0 10.1 (5.3) 10.9 (4.0) 25.3 (6.6) 2.2 (1.6) 20.0 3.0
estuary

Lemon Creek 25 15 62.6 11.5(8.8) 9.9 (2.7) 11.8(5.3) 8.1 (15.1) 57.3 4.3
estuary

Eagle River 41 117 285.0 75.5(29.4) 11.0 4.1) 25.2(5.4) 1.8 (1.7) 32.8 32
estuary

Eagle 41 53 127.0 33.1 (13.1)
Herbert 41 64 158.0 41.4 (16.3)
Mendenhall 54 124 228.0 87.8 (35.7) 11.9 (2.7) 22.54.4) 5.8(4.9) 54.9 4.6

River estuary

Nephelometric Turbidity Units (NTU; Hach 2100P Turbi-
dimeter). Discharge data were obtained from the US Geo-
logical Survey and the University of Alaska Southeast Envi-
ronmental Science Department stream gages (USGS 2020).

Data Analysis

To assess environmental drivers of variation in estuary fish
community composition across sites and regions (Objec-
tive 1), we used fish community and environmental data
from 2019 collected at all ten study sites in Lynn Canal and
Kachemak Bay (Table 1). To quantify temporal patterns of
fish size (Objective 2), we used fish length data and envi-
ronmental data from four years (2014, 2016, 2017, 2019).
Because the Kachemak Bay sites had not been sampled prior
to 2019, we used length data from four Lynn Canal sites
only (all except Lemon Creek; Table 1). Invertebrates, which
were captured infrequently, were excluded from analyses.
Larval fish and fish smaller than 20 mm in length were also
excluded from analyses because their catchability was incon-
sistent due to their small size relative to the mesh size. Juve-
nile salmonids were aggregated to the genus Oncorhynchus,
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and members of the family Osmeridae were aggregated due
to difficulty of field identification. Environmental data (i.e.,
temperature, salinity, and turbidity) were averaged for each
sampling event (site and date combination). River discharge
data recorded in 15-min intervals were averaged over the
sampling date to generate a mean daily discharge value,
thus maintaining consistency with the temporal resolution
at which other environmental variables were measured.

To prepare the catch data for analysis, we calculated spe-
cies-specific catch-per-unit-effort (CPUE) by dividing the
number of individuals for a given species and seine set by
the set duration (minutes). This number was multiplied by
five to generate a species-specific CPUE for a standard 5-min
set. A mean catch-per-set (hereafter, “mean CPUE”) was
calculated across all sets in a sampling event (site X month).
We also calculated relative species richness (richness per
unit effort, RPUE) as the number of unique taxa caught per
5-min set, averaged across sets in a sampling event. Only
sets without sampling errors (e.g., net stuck on a rock or
technician stuck in the mud) were included in CPUE and
RPUE calculations. We performed a 2-way nested ANOVA
to test for differences in mean values of RPUE and CPUE
among sites (nested within region) and months.
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We assessed spatiotemporal variation in fish community
composition using multivariate ordination (Objective 1).
Mean CPUE, calculated for each sampling event (n=155),
was fourth-root transformed to down-weight the influence
of highly abundant species (Clarke et al. 2014). We calcu-
lated pairwise Bray—Curtis dissimilarities between sampling
events and performed non-metric multidimensional scaling
(NMDS) ordination in as many dimensions as needed to
reduce the stress below 20% using the “vegan” package in
R (Oksanen et al. 2019). We plotted the first two dimen-
sions of the NMDS ordination to illustrate the variability in
species composition within and between regions. To help
interpret differences in species composition, we illustrated
the strength of the correlations between ordination axes and
the fourth root transformed CPUE of individual species as
vectors in the ordination diagram (Clarke et al. 2014). Vec-
tors were scaled proportionally to their correlation with each
axis and only species with squared Pearson’s correlations
exceeding 0.2 (R*>0.2) are shown. Each vector indicates the
direction of the strongest gradient in species abundance for a
given species (e.g., Mahardja et al. 2017). We conducted an
analysis of dispersion (Anderson 2001) to determine if the
multivariate dispersion of samples, which reflects variability
in species composition, differed between regions.

We then evaluated relationships between fish community
composition and environmental conditions, using environ-
mental data (temperature, salinity, turbidity, and discharge)
for each sampling event. We used vector-fitting analysis to
overlay the environmental variables onto the ordinations of
the fish communities (“envfit” function in the R package
“vegan”’; Oksanen et al. 2019). The vectors show the direc-
tions in which the environmental variables are most strongly
correlated with fish community composition in ordination
space. Finally, we ran a permutational multivariate analysis
of variance (PERMANOVA) on the Bray—Curtis distance
matrix to test for the fixed effects of region (2 levels), sam-
pling date, and each environmental variable (temperature,
salinity, turbidity, river discharge) on species composition
(n=155 sampling events) using the “adonis2” function in
“vegan” (Oksanen et al. 2019). Site was also included as a
random effect to account for variability among sites within
regions. We then performed a PERMANOVA separately
for each region to test for the fixed effects of site, sampling
date, and each environmental variable on fish communities
in Lynn Canal (r =30 sampling events) and Kachemak Bay
(n=25 sampling events). Partial R* values were calculated
as the additional variation explained by a given variable,
after the effects of all other variables have been accounted
for (i.e., “marginal” effect obtained via “adonis2”).

We used the multi-year Lynn Canal dataset to quantify
variation in mean length of two dominant species (Objec-
tive 2): Pacific staghorn sculpin (hereafter, staghorn sculpin)
and starry flounder. We chose these species because they

were the most abundant species at Lynn Canal sites across
all months and years of sampling. We measured the first
30-50 (depending on sampling year) randomly selected indi-
viduals in each set. For each species, we calculated a mean
length for each seine set and evaluated changes in mean
length across months, years, and sites. We used overall mean
length because there were not consistently clear cohorts of
staghorn sculpin or starry flounder that we could identify
based on length frequency histograms (Figs. S1, S2). We
used generalized additive mixed models (GAMMs) with a
normal distribution to model log(length) as a function of
space/time effects and additive local environmental effects
(“mgcv” package in R, Wood 2011). A log-transformation
of the response was determined based on a Box-Cox proce-
dure (Weisberg 1985) and inspection of diagnostic residual
and probability plots did not indicate heteroscedasticity or
non-normality following transformation. We were primarily
interested in the mean spatial and seasonal patterns; there-
fore, we tested for fixed effects of site (10 levels) and day
of year, as well as their interaction, and included a random
year effect (4 levels) to account for possible differences in
mean length between years (e.g., due to cohort effects or
differences in mean growth conditions). The site X day of
year interaction was included because preliminary analyses
suggested that seasonal patterns varied among sites.

A set of 12 candidate models was generated for each
species (Table S1): combinations of predictors were split
into two sets of models, each representing a different set
of hypotheses regarding drivers of fish length (Burnham
and Anderson 2002). One set of candidate models included
only space/time predictors (year as random effect, site X day
of year interaction) and one set included only environmen-
tal predictors (temperature, salinity, turbidity). We did not
include discharge as a potential predictor because it was not
available for all sites and years. By separating space/time
parameters and environmental parameters into separate a
priori model sets, we avoid the inclusion of confounded vari-
ables like day of year and temperature in the same model
and reduce the risk of model overfitting, which can arise
from inclusion of a large number of predictor variables in
the full model (Burnham and Anderson 2002). Net type
was included as a random effect in all models to control for
potential differences in selectivity between the white mesh
and black mesh seines. All continuous variables (day of year,
temperature, salinity, turbidity) were standardized in the
regression to have a mean of 0 and a standard deviation of 1
and modeled using thin plate regression splines. Standardi-
zation was performed to facilitate graphical comparisons of
the partial effects of predictor variables on mean length, but
does not otherwise affect results. Model selection was per-
formed using Akaike’s information criterion (AIC), where
models within two units of the lowest AIC were considered
to perform equivalently (Burnham and Anderson 2002). We
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calculated Akaike parameter weights for parameter j as the
sum of model Akaike weights (relative likelihoods) across
all models that included parameter j (Burnham and Ander-
son 2002).

Results

Summary of Environmental Conditions and Catch
Data

Temperature measured at our study sites in 2019 varied sea-
sonally, following a similar parabolic trend in both regions,
with lowest temperatures in April and a peak in July (Fig. 2).

Salinity showed a more marked decline from spring to mid-
summer at Lynn Canal sites compared to the more tempo-
rally stable salinities at Kachemak Bay sites and turbidity
varied without a clear seasonal trend (Fig. 2). Mean sum-
mer temperatures were similar in Kachemak Bay and Lynn
Canal, whereas mean salinity was significantly higher at the
Kachemak Bay sites (mean summer salinity =28.9 ppt) com-
pared to the Lynn Canal sites (mean summer salinity =21.4
ppt) (Table 1; Welch’s = —9.32, df =224.4, P <0.0001).
Mean summer discharge was higher in glacierized systems
compared to less glacierized watersheds (Table 1; Fig. 2).
We caught and identified over 13,000 individual fish (38
species from 15 families) over the course of 60 sampling
events and 360 seine sets in the 2019 sampling season. After
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eliminating sets for which CPUE calculations were unreli-
able due to sampling issues, we were left with 308 sets from
55 sampling events for analysis. Over 85% of the total catch
was attributed to four families: Cottidae, Gadidae, Pleu-
ronectidae, and Salmonidae (Table 2). The families Cottidae
and Pleuronectidae contributed substantially to the catches
at all Lynn Canal sites throughout the sampling season.
In Kachemak Bay, catches were less dominated by one or
two families, but included fishes not caught in Lynn Canal,
such as several cod species (Gadidae). Gunnels (Pholidae)
were also caught more consistently in Kachemak Bay. In
both regions, juvenile Pacific salmon were caught in high
numbers, especially in May and June; however, 68% of the
Pacific salmon in Kachemak Bay were caught at one site
(Tutka Bay), whereas the catch in Lynn Canal was more
evenly distributed across sites (Table 2).

Species richness per unit effort (RPUE) differed signifi-
cantly between regions (F=4.2, df=1, P=0.047), among
months (F=3.7, df=5, P=0.008), and among sites within
region (F=3.2, df=8, P=0.007; Table S2). Catch per unit
effort (CPUE) also differed significantly between regions
(F=25.1,df=1, P<0.001), among months (F=4.3, df =5,
P=0.003), and among sites within region (F=4.3, df =8,
P=0.001; Table S2). Mean (+ SD) RPUE and CPUE across
May through September sampling periods were higher
in Lynn Canal (RPUE 3.82 +1.22, CPUE 39.6 +24.4)
compared to Kachemak Bay (RPUE 3.01 +1.43, CPUE

Table 2 Percentage of total 2019 catch per site by fish family. Kache-
mak Bay sites include Jakolof Bay (JB), Tutka Bay (TB), Halibut
Cove (HC), Wosnesenski River estuary (WR), Grewingk River estu-
ary (GR). Lynn Canal sites include Sheep Creek estuary (SC), Cowee

15.3 +13.3). In Kachemak Bay, mean RPUE and mean
CPUE were higher in June and July compared to other
months (Table S2) and varied among sites, ranging from
1.7 to 3.9 unique species and 7.3 to 32.1 fish per 5-min seine
set (mean across May—September 2019; Table 1). In Lynn
Canal, mean RPUE and mean CPUE peaked in May and
June (Table S2) and varied among sites, ranging from 3.0 to
4.6 unique species and 20.0 to 58.6 fish per 5-min seine set
(mean across May—September 2019; Table 1).

Environmental Drivers of Fish Community
Composition

Regional differences and seasonal differences in fish com-
munity composition were highly significant (P =0.0002 for
both). Fish communities were more similar within Lynn
Canal than they were within Kachemak Bay, based on heter-
ogenous dispersions between regions (analysis of dispersion:
F=7.665, P=0.008). The NMDS provided a good repre-
sentation of the community differences in three dimensions
based on a stress value of 0.14. The first axis of the NMDS
primarily separated regions (Fig. 3), with species vectors
(R*>>0.2) indicating that staghorn sculpin and starry floun-
der were more strongly associated with Lynn Canal sites and
great sculpin (Myoxocephalus polyacanthocephalus) were
more strongly associated with Kachemak Bay sites (Fig. 3).

Creek estuary (CC), Lemon Creek estuary (LC), Eagle River estuary
(ER), and Mendenhall River estuary (MR). Mean % is the average
percentage of the catch contributed by each fish family across sites

Kachemak Bay Lynn Canal

Taxon JB TB HC WR GR Mean % SC CcC LC ER MR Mean %
Agonidae 0.0 0.0 0.0 0.0 0.0 0.0 <0.1 0.3 0.0 0.1 <0.1 0.1
Ammodytidae 0.0 0.0 0.0 0.1 0.0 0.0 0.0 2.7 0.0 0.2 0.0 0.6
Clupeidae 0.0 0.0 0.0 9.4 69.0 15.7 0.3 0.2 0.2 0.7 1.4 0.5
Cottidae 1.9 224 42.0 79 16.3 18.1 324 49.7 73.6 67.8 55.4 55.8
Cyclopteridae 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 <0.1 0.01
Gadidae 88.2 0.3 32 19.2 0.3 222 0.0 0.0 0.0 0.0 0.0 0.0
Gasterosteidae 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.5 0.0 <0.1 0.2
Hexagrammidae 1.1 0.3 6.4 0.0 1.6 1.9 0.0 0.3 0.0 0.1 1.2 0.3
Liparidae 0.0 0.0 0.4 0.1 0.6 0.2 <0.1 0.2 <0.1 <0.1 0.0 0.1
Osmeridae 0.0 0.0 0.4 39.5 0.0 8.0 2.4 1.2 0.0 53 7.9 34
Pholidae 22 3.8 6.8 0.1 1.3 2.8 0.0 5.3 0.0 0.1 0.2 1.1
Pleuronectidae 1.0 5.0 17.2 39 0.3 5.5 20.6 18.6 10.3 11.2 10.0 14.1
Salmonidae 1.4 68.2 21.6 19.0 10.6 242 439 20.8 15.5 13.6 21.8 23.1
Stichaeidae 4.1 0.0 2.0 0.8 0.0 1.4 0.0 0.5 0.0 0.9 1.9 0.7
Syngnathidae 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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The second NMDS axis indicated seasonal effects, which
were largely driven by the higher abundance of juvenile
Pacific salmon in May and June, based on vector analysis.
For these ordinations, we show only two dimensions in the
plots because the third NMDS axis was not associated with
an obvious environmental or space gradient. Communities
differed among sampling events (i.e., month X site combina-
tions) (F=2.34, R%2=0.18, P= 0.001), with a clear seasonal
change in species composition along the second NMDS axis
(Fig. S3). Within Lynn Canal, the Lemon Creek sampling
events separated slightly from the other sites due to lower
abundances of juvenile salmon, osmerids, and rock sole
(Lepidopsetta bilineata) at Lemon Creek (Fig. 3). Within
Kachemak Bay, the Jakolof Bay and Wosnesenski River
sites were more strongly associated with snake prickleback
(Lumpenus sagitta) and Pacific tomcod (Microgadus Proxi-
mus) (Fig. 3).

Across regions, effects of temperature and salinity on spe-
cies composition were significant, based on a PERMANOVA
(Fig. 3). Salinity had greater explanatory power, account-
ing for up to 12% of the variability in species composition
(F=17.37, partial R*=0.12, P=0.001), compared to tempera-
ture (F=5.14, partial R>=0.075, P=0.001). Turbidity and
discharge did not have a significant effect on species composi-
tion for both regions combined (P=0.7 and P=0.1, respec-
tively). Within Lynn Canal, fish community composition
differed significantly across sites (F=1.9, partial R>=0.21,
P=0.007) and sampling date (F=5.7, partial R*=0.15,
P=0.001) and, among environmental variables, only the
effects of salinity (F'=2.7, partial R>=0.09, P=0.005) and
temperature (F=2.8, partial R>=0.09, P=0.004) were sig-
nificant. After accounting for the effects of the environmen-
tal variables, there was no longer a significant site effect
(P=0.43), but the effect of sampling date remained highly
significant (F=4.4, partial R*=0.12, P=0.001). Among Lynn
Canal sites, Sheep Creek and Lemon Creek had the lowest
overall species richness (i.e., number of unique taxa across
all sampling events), but high dominance of sculpins and
flatfishes (Table 2). Within Kachemak Bay, fish community
composition differed significantly across sites (F'=3.2, par-
tial R=0.35, P=0.001) and sampling date (F=5.0, partial
R?=0.13, P= 0.001) and the effects of temperature (F=2.0,
partial R%2=0.08, P=0.047) and river discharge (F=2.5,
partial R2=0.10, P=0.01) were significant. After account-
ing for the effects of the significant environmental variables,
there were still significant effects of both site (F'=3.0, par-
tial R*=0.32, P=0.001) and sampling date (F =3.4, partial
R*=0.09, P=0.002). In Kachemak Bay, the dominant groups
varied among sites. For example, clupeids and gadids made
up the highest proportion of the catches at the Grewingk River
and Jakolof Bay sites, respectively (Table 2).
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Environmental Drivers of Size for Dominant Species
in Lynn Canal Estuaries

Across all years (2014, 2016, 2017, 2019), we meas-
ured 11,337 staghorn sculpins and 7848 starry floun-
ders at four sites in Lynn Canal (Cowee Creek, Eagle
River, Mendenhall River, Sheep Creek). Staghorn scul-
pins were most abundant at the most glacierized sites
(Mendenhall, Eagle) across all years, whereas starry
flounder were more evenly distributed across sampling
sites; however, there was more interannual variation in
starry flounder catch, with substantially higher numbers
in 2016 and 2017 compared to 2014 and 2019 (Fig. S2).
Seasonal patterns in staghorn sculpin size composition
and mean size varied among sites and years in Lynn
Canal (Figs. 4, S4). The best model explaining varia-
tion in mean staghorn sculpin length included year, the
interaction of site and day of year, and net, and had an
Akaike model weight of 1 (Table 3; Table S1). Year, day
of year, and site X day of year were all important predic-
tors, with parameter weights of 1. For all years, length
increased with day of year before reaching an asymp-
tote around June, but exhibited variable patterns across
sites (Fig. S5). The environmental variables on their own
were poor predictors of mean length, with parameter
weights close to zero (Table 3; Table S1). Mean length
of staghorn sculpins gradually increased from less than
100 mm in April to nearly 200 mm by the end of sum-
mer in Sheep Creek and Cowee Creek estuaries, while
mean lengths of Eagle River and Mendenhall River fish
showed a rapid increase from 100 mm in April to a peak
in June, then stabilized around 150 mm by July (Fig. 4).
For starry flounder, only Sheep Creek fish showed con-
sistent increases in mean length through the spring and
summer. Starry flounder mean lengths at Cowee Creek,
Mendenhall River, and Eagle River estuaries approached
asymptotes of 150—-200 mm mid-summer, depending on
the site (Fig. 5). The models for mean length also dif-
fered from the staghorn sculpin models in that environ-
mental predictors were more important than space/time
factors. Mean size did not vary among years (Fig. S6).
Starry flounder length increased slightly and approxi-
mately linearly with temperature and more steeply with
turbidity (from 110 to 120 mm and from 110 to 245 mm
over the range of temperatures and turbidities, respec-
tively; Fig. S7). The best model included all three envi-
ronmental covariates (Figs. S8—S10) and net type and had
a model weight of 0.56; the model including only tem-
perature, turbidity, and net type also performed within
2 units of the lowest AIC value, with a model weight
of 0.44 (Table 3; Table S1). Temperature and turbidity
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Fig.3 Non-metric multidimensional scaling (NMDS) ordination per-
formed on Bray—Curtis dissimilarities of sampled fish communities
in Gulf of Alaska estuaries. Each point represents the fish commu-
nity caught during a sampling event (month X site combination, n=55
sampling events). Left panel shows ordination of all sampling events,
right top panel shows only Lynn Canal sampling events, and right
bottom panel shows only Kachemak Bay sampling events. Points are
color coded by site (Lynn Canal sites: circles, Kachemak Bay sites:

were highly influential predictors, with parameter weights
close to 1, while salinity was moderately important with
a parameter weight of 0.59.

Discussion

This study improves our understanding of how estuarine
habitats and fish communities in the GOA are affected by
dynamic watersheds within glacierized landscapes. While
other studies have examined environmental factors, includ-
ing temperature, salinity, substrate, and depth, that struc-
ture GOA nearshore fish communities (Moles and Norcross
1995; Norcross et al. 1995, 1999; Abookire et al. 2000; Pirtle
et al. 2012; Miller et al. 2014; Guo 2019), ours is the first
to sample estuaries along a glacial to non-glacial watershed
gradient in two distinct regions of the GOA. This allowed
us to examine a wide range of environmental conditions at
river deltas along a gradient of glacial influence and their

triangles), with vectors showing the directional influence of the fish
species (only correlations with R?> 0.5 are shown) and environmental
variables in the top left corners (only correlations with R2>0.2 are
shown). Kachemak Bay sites are the Grewingk River estuary (GR),
Wosnesenski River estuary (WR), Halibut Cove (HC), Tutka Bay
(TB), and Jakolof Bay (JB). Lynn Canal sites are the Mendenhall
River estuary (MR), Eagle River estuary (ER), Lemon Creek estuary
(LC), Cowee Creek estuary (CC), and Sheep Creek estuary (SC)

effects on fish community structure. Temperature, salinity,
and turbidity varied among sites within regions, but not in a
consistent way along the glacial to non-glacial gradient. In
particular, estuary turbidity values were highly variable and
much lower than turbidity in adjacent streams, suggesting
that watershed effects may be quickly diluted through mixing
with oceanic waters in the estuary. For example, turbidity
values in the estuary at the Mendenhall and Eagle sites were
roughly an order of magnitude lower than turbidity values in
the respective rivers, based on previous sampling (> 50 NTU;
Hood and Berner 2009). We found differences in commu-
nity structure between regions and among sites, which were
partly explained by contrasting salinities, temperatures, and
discharge levels. Regional differences were greater than site
and seasonal differences within a region. Additionally, strong
variation in fish community composition and size structure
across months aligns with our understanding of high lati-
tude ecosystems as seasonally dynamic, due to a combina-
tion of temperature-dependent growth, recruitment events,

@ Springer



2160 Estuaries and Coasts (2022) 45:2151-2165
Fig.4 Mean Pacific staghorn Sheep Creek Cowee Creek
sculpin lengths over spring and 3001
summer for Lynn Canal sites,
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and migration of transient species (e.g., Beaudreau et al. in
review, Bienfang and Ziemann 1995).

Patterns and Environmental Drivers of Fish
Community Composition

We found striking differences in species composition between
the Lynn Canal and Kachemak Bay regions. Lynn Canal com-
munities were consistently dominated by staghorn sculpin
and starry flounder, whereas Kachemak Bay communities
included a more variable assemblage of species. Similar to
our findings, a previous study of nearshore fish communi-
ties in Kachemak Bay found a high prevalence of saffron cod
(Eleginus gracilis) and Pacific tomcod (Microgadus proximus)
(Abookire et al. 2000). Heterogeneous dispersions between

Table 3 Model summaries for generalized additive models of the log-
transformed lengths of Pacific staghorn sculpin and starry flounder.
In total, 12 models were evaluated for each species, with all combina-
tions of the space/time predictors (site, day of year, year) and all com-
binations of the environmental predictors (temperature, salinity, and
turbidity); net was included as a random effect in all models. Only

Date

regions complicate the interpretation of the PERMANOVA
results because it can be difficult to determine whether a rejec-
tion of the null hypothesis represents significant differences
between the centroids of the two regions, or differences in
the spread of the points (Anderson and Walsh 2013). How-
ever, PERMANOVA is relatively robust to heterogeneity
in balanced study designs (Anderson and Walsh 2013) and
qualitative differences in species composition between regions
support statistical results. Multivariate analyses of algal and
invertebrate communities sampled at the same sites in 2019
also showed greater variation in ecological communities
among Kachemak Bay sites compared to Lynn Canal sites
(McCabe 2021).

Vector fitting analyses indicated that differences between
regions may be attributed to contrasting environmental con-
ditions, particularly salinity. We found considerably higher

the best fit models (AAIC <2) and full space/time and environmental
models are shown; null models were included as a point of compari-
son. K is the total number of parameters estimated, AIC is Akaike’s
information criterion, AAIC is calculated as the difference in AIC
between each model and the model with the lowest AIC, and w; is the
model weight

Model Number ~ Model Parameters K AIC AAIC w; R?
Pacific staghorn sculpin

1 Year +site X day of year+net 14 151.69 0 0.307
2 Temperature + salinity + turbidity + net 6 232.23 80.53 0 0.185
3 Null 2 386.14 234.45 0 0
Starry flounder

1 Temperature + salinity + turbidity + net 6 588.69 0 0.56 0.100
2 Temperature + turbidity + net 5 589.15 0.45 0.44 0.101
3 Year +site X day of year+net 14 884.84 296.15 0 0.224
4 Null 2 1086.0 497.34 0 0
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salinities throughout the summer in Kachemak Bay com-
pared to Lynn Canal, where salinity decreased from ~ 30 ppt
at most sites in the spring to~ 15 ppt at most sites by mid-
summer. Higher average salinity in Kachemak Bay arises
from a more direct connection to the Gulf of Alaska (Fig. 1).
Within Kachemak Bay, differences in fish communities were
partially explained by temperature and river discharge,
whereas in Lynn Canal, temperature and salinity were the
most influential environmental variables. The importance
of salinity in Lynn Canal may be partially attributed to the
Lemon Creek site, which in addition to having much lower
salinity values, had the lowest species diversity of the Lynn
Canal sites.

Our environmental sampling did not fully capture habitat
differences among sites that could explain some of the eco-
logical variation. Unexplained site differences in Kachemak
Bay accounted for more of the variation in fish communities
than water quality parameters (temperature, salinity, turbid-
ity, and discharge). For example, substrate characteristics
may have accounted for some of the greater within-region
variability in species composition in Kachemak Bay com-
pared to Lynn Canal. Sites in Lynn Canal had more similar
substrate types composed of sand, mud, and silt, whereas
sites in Kachemak Bay were characterized by a wider variety
of mud, sand, and cobble. Substrate can be a determinant of
fish communities, particularly for groundfishes that spend
extended periods on the bottom or burrowed into substrate
(Moles and Norcross 1995; Horne and Campana 1989).
Variable substrate type in Kachemak Bay may also have
contributed to higher sampling variance, as pulling a beach
seine over irregular cobble-sand-mud substrate can create

opportunities for fish to escape beneath the net. Therefore,
future studies would benefit from more detailed characteri-
zation of substrate grain size and type at sampling locations.

There were significant differences in species composi-
tion among months, with the most notable shift between
the April-July and August—September periods. These sea-
sonal differences can partially be attributed to the influx of
juvenile Pacific salmon from both wild and hatchery popu-
lations in April, May, and June. Wild-born Pacific salmon
outmigrate from freshwater to saltwater as fry in the spring
and early summer (Quinn 2018). In the vicinity of our Lynn
Canal study sites, the Macaulay Salmon Hatchery releases
millions of juvenile chum salmon (O. keta), along with more
limited releases of coho salmon and Chinook salmon (O.
tshawytscha), into estuaries in April and May (Duncan and
Beaudreau 2019; Stopha 2019). Hatcheries in the Kachemak
Bay area, such as the Tutka Bay Lagoon Hatchery, release
pink salmon (O. gorbuscha) and sockeye salmon (O. nerka)
in the early summer (ADFG 2019). The anthropogenic input
of these hatchery Pacific salmon to the estuary sites compli-
cates the detection of environmental drivers of community
structure. The seasonal flux of hatchery salmon to estuaries
can also indirectly affect community composition through
aggregative responses of marine consumers (e.g., humpback
whales and piscivorous fishes feeding on released hatchery
salmon; Chenoweth et al. 2017; Duncan and Beaudreau
2019). Other fish migrants move into and out of the estuary
seasonally, including larval herring and smelt (Johnson et al.
2015), but juvenile Pacific salmon seem to be driving the
biggest seasonal shifts in species composition, according to
our vector fitting analysis.

Fig.5 Mean starry floun-

Sheep Creek

Cowee Creek

der lengths over spring and
summer for Lynn Canal sites,
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to visualize seasonal trends. =
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Spatiotemporal and Environmental Drivers of Fish
Body Size

Seasonal trends in temperature may influence estuarine fish
assemblages at multiple ecological scales, from commu-
nity structure to individual growth (Beauchamp et al. 2007;
Fisher et al. 2007; Pirtle et al. 2012; Wendler et al. 2017).
In this study, temperature helped to explain differences in
GOA fish communities and was also an important predic-
tor of starry flounder length in Lynn Canal. For staghorn
sculpin, mean length was better explained by site-specific
seasonal trends (i.e., site X day of year interaction term) than
temperature. The increasing mean lengths of starry floun-
der and staghorn sculpin throughout the summer likely
reflects both ontogeny (i.e., juvenile fish growing over the
course of the summer) and temperature-dependent growth
(Clarke and Johnston 1999). Length is the result of thermal
history, and not simply the temperature at the time of sam-
pling, and future studies may benefit from continuous tem-
perature measurements that allow for calculation of degree
days to assess the effects of past temperatures on growth.
A caveat to our length analysis is that we were not able to
differentiate changes in size that arise from actual growth
of individual cohorts, apparent growth due to recruitment
pulses of multiple cohorts, immigration into and out of the
nearshore, size-selective predation, or some combination.
Based on inspection of length frequency histograms, in some
cases, we were able to infer changes in mean length that
were likely attributed to growth of a dominant cohort (e.g.,
staghorn sculpin and starry flounder at the Sheep Creek site;
Fig. S1). However, in other cases, changes in mean length
were more difficult to attribute to growth, as shifts seemed
to arise from different age classes moving into the estuary
(e.g., staghorn sculpin and starry flounder at the Mendenhall
River site; Fig. S2). These patterns appear to be both species
and site-specific, with stronger positive trends in mean and
modal lengths for staghorn sculpins at the sites experienc-
ing lower glacial runoff. While limited movement data exist
for these species, staghorn sculpins may be more sedentary
than starry flounder based on preliminary tagging data in
Lynn Canal (C. Bergstrom, personal communication), and
their size structure may therefore be more reflective of local
thermal conditions. Persistent input of colder water at out-
flow of glacial rivers may also create an environment of low
growth, particularly during periods of peak flow in late sum-
mer, when we saw asymptotic lengths for both species.
Differences in staghorn sculpin length distributions
among years, as indicated by our model results, may also be
explained by interannual temperature differences (Fig. S9).
For example, 2014 was a cool, wet summer, whereas the
summer of 2019 was hot and dry (NOAA 2020). While
the mean water temperature measured across sites for both
sampling seasons was 11 °C (SD=2.4), the maximum
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water temperature we measured in 2014 was 12.8 °C and
the maximum water temperature we measured in 2019 was
16.8 °C. In 2014, the overall mean length for staghorn scul-
pins was 129.7 mm (SD=92.1), while the mean length in
2019 was 105.2 mm (SD=61.3). As water temperatures in
shallow areas increase, mobile fishes may seek cooler water
in deeper habitats to avoid higher metabolic demands and
physiological stress (e.g., Dulvy et al. 2008). Our observa-
tion of fewer large sculpins in 2019, one of the warmest
recorded years in Southeast Alaska (ACRC 2019), may have
resulted from movement of individuals into deeper ther-
mal refuges. Smaller sculpins may also prefer cooler water
temperatures, but are less mobile and could be limited by
other factors including depth and salinity, as juvenile stag-
horn sculpins are known to rear in fresh and brackish water
(Johnson et al. 2015).

The best explanatory models for starry flounder length
included environmental variables rather than space/time var-
iables. This finding offers a helpful lesson for other observa-
tional studies in ecology. Common categorical factors used
to explain ecological variation, such as site and month, may
be poor proxies for dynamic environmental processes driv-
ing seasonal and spatial changes in fish communities. When
possible, key environmental variables like temperature and
salinity should be directly measured and included in analy-
ses of size structure. Temperature, salinity, and turbidity
were positively related to starry flounder length; however,
partial effects plots indicated a weaker positive relationship
between starry flounder length and salinity compared to the
positive correlations with temperature and turbidity. Starry
flounder are highly freshwater tolerant (Takeda and Tanaka
2007), as supported by our vector-fitting analysis, and prefer
fine substrates that allow them to burrow and camouflage
(Moles and Norcross 1995). Furthermore, starry flounder
diet is largely made up of small infauna found in fine sedi-
ment (McCall 1992), such as that found at glacial river del-
tas, which are associated with higher turbidities.

Implications of Changing Conditions for Estuary
Communities

Greater differences in community composition between
regions, compared to within regions, suggests that climate
change will not have uniform impacts across GOA estuaries
but is dependent on the interaction of landscape features (e.g.,
presence of glaciers) and marine drivers (Pitman et al. 2020).
However, the fish species that are most likely to do well with
continued glacier recession are those that have the physiologi-
cal flexibility and mobility to live in a range of environments,
such as the groundfish species we observed in high densities.
Staghorn sculpin have been collected from water temperatures
between 1.1 and 18.7 °C (Kaschner et al. 2016) and show no
physiological stress in salinities ranging from 15-30 ppt, even
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tolerating O ppt for short periods (Henriksson et al. 2008). This
wide range of tolerable temperatures and salinities suggests
that staghorn sculpin may be resilient to near-term environ-
mental changes; however, the maximum water temperature
recorded during the 2019 sampling season was 17 °C, indi-
cating that temperatures may intermittently reach uninhabit-
able levels in some shallow waters. Similarly, starry flounder
were assessed to have low overall vulnerability and low cli-
mate exposure in the Bering Sea, largely because of their high
potential for distribution shifts, should habitat conditions
change (Spencer et al. 2019). In contrast, temporary estuarine
residents like juvenile Pacific salmon may have less flexibility,
as their optimal temperature window for growth and develop-
ment is between 12 and 14 °C (Richter and Kolmes 2005),
a range that leaves little room for accommodating increasing
maximum summer temperatures in the Gulf of Alaska. This
temperature threshold is of particular concern in the estuaries
fed by smaller, non-glacial rivers, where summer water tem-
peratures are more likely to exceed physiological tolerances
of resident fishes, compared to those buffered by glacier melt-
water (Fellman et al. 2015). Because of this estuary-specific
variability, it is important to continue to monitor GOA estuar-
ies for changing conditions that affect habitat availability for
sensitive species. The findings from this study lay the ground-
work for understanding how Alaska’s coastal ecosystems and
other nearshore ecosystems in northern latitudes may respond
to change in the coming decades.
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