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Abstract  Along the Gulf ofAlaska, rapid glacier
retreat has driven changes in transport of freshwater,
sediments, and nutrients to estuary habitats. Over
the coming decades, deglaciation will lead to a tem-
porary increase, followed by a long-term decline of
glacial influence on estuaries. Therefore, quantifying
the current variability in estuarine fish community
structure in regions predicted to be most affected by
glacier loss is necessary to anticipate future impacts.
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We analyzed fish community data collected monthly
(April through September) over 7 years (2013-2019)
from glacially influenced estuaries along the south-
eastern Gulf of Alaska. River delta sites within estu-
aries were sampled along a natural gradient of glacial
to non-glacial watersheds to characterize variation in
fish communities exposed to varying degrees of gla-
cial influence. Differences in seasonal patterns of taxa
richness and abundance between the most and least
glacially influenced sites suggest that hydrological
drivers influence the structure of delta fish commu-
nities. The most glacially influenced sites had lower
richness but higher abundance overall compared to
those with least glacial influence; however, differ-
ences among sites were small compared to differ-
ences across months. Two dominant species—Pacific
staghorn sculpin and starry flounder—contributed
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most to spatial and temporal variation in community
composition; however, given only small interannual
differences in richness and abundance over the period
of the study, we conclude that year-to-year variation
at these sites is relatively low at present. Our study
provides an important benchmark against which to
compare shifts in fish communities as watersheds and
downstream estuaries continue to transform in the
coming decades.

Keywords Community composition - Diversity -
Abundance - Glacier - River delta - Salmon -
Groundfish

Introduction

Estuaries are dynamic ecosystems at the intersec-
tion of marine, freshwater, and terrestrial habitats
that experience large fluctuations in environmen-
tal variables over tidal, seasonal, and interannual
scales (McLusky and Elliott 2004). These dynamic
habitat conditions affect fish physiology (Fry 1971),
growth rates (Sogard 1992), swimming performance
(Webb 1978; Johnson et al. 1993; Yetsko and San-
cho 2015), and trophic ecology (Nelson et al. 2015;
Whitney et al. 2018), which may translate to shifts
in ecological community structure (Thiel et al. 1995,
Davis et al. 2019). The high frequency and magni-
tude of fluctuations in salinity and temperature limit
the total number of species that can inhabit estuaries
(Thiel et al. 1995); yet, due to an influx of nutrients
from multiple ecosystems, estuaries are also among
the most productive habitats on the planet (Correll
1978), supporting a large biomass of fish species that
are tolerant of environmental variability (Houde and
Rutherford 1993; Whitfield 2016). Estuaries provide
crucial staging and migration routes for anadromous
fishes (e.g., Pacific salmon, Oncorhynchus spp.; Neil-
son et al. 1985, Thorpe 1994, Simmons et al. 2013)
and are ideal nursery grounds for many ecologically,
commercially, and culturally important marine fish
and invertebrate species (Beck et al. 2001, Gilland-
ers et al. 2003; Minello et al. 2003). Approximately
8% of annual global commercial marine fish catch is
estuarine in origin and just over 50% of fishery har-
vests in the USA are estuarine for at least part of their
life history (Houde and Rutherford 1993).
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While estuaries provide critical habitat for diverse
species, they are simultaneously vulnerable to anthro-
pogenic disturbance and rapid environmental change.
Estuaries rank high among aquatic habitats most
affected by coastal development, pollution (McLusky
and Elliott 2004), and global climate change (Elliott
et al. 2019). High-latitude estuaries are projected to
become increasingly affected by watershed changes
resulting from global warming (Arendt et al. 2009),
including increased precipitation falling as rain
(McAfee et al. 2013) and significant loss of glacial
coverage (Radi¢ et al. 2013) that translates to a higher
volume of glacier runoff into streams (O’Neel et al.
2014). Early to intermediate stages of glacial reces-
sion can generate new stream and estuarine habitats
(Pitman et al. 2020) and initiate changes in physi-
cal and chemical properties of existing watersheds
(Hood and Berner 2009, Moore et al. 2009). Runoff
from glacial rivers also mediates the delivery of bio-
available carbon, nitrogen, and phosphorous (Hood
and Scott 2008) to delta and estuarine habitats, with
potential effects on nutrient sources for nearshore
marine consumers (e.g., Arimitsu et al. 2016, Whit-
ney et al. 2018). Freshening and stratification of
coastal shelf waters has been linked to changes in
abundance, distribution, and seasonal cycles of phy-
toplankton and zooplankton, which affect energy
transfer to higher trophic levels (Greene et al. 2008).

Along the Gulf of Alaska, changes in the trans-
port of freshwater, sediments, and nutrients to estu-
ary habitats have been driven by rapid glacier retreat
(O’Neel et al. 2015), with an estimated annual gla-
cier mass loss of ~75 Gt over the period 1994-2013
(Larsen et al. 2015). While only 9% of the individual
watersheds bordering the Gulf of Alaska are classi-
fied as glacial runoff systems, they make up 96% of
the watershed land area (Sergeant et al. 2020) and
contribute an estimated 38% of the mean annual
freshwater runoff into the Gulf of Alaska (Beamer
et al. 2016). As glaciers continue to melt and recede,
watersheds along the Gulf of Alaska will transform
(Sergeant et al. 2020), with consequences for down-
stream ecosystems. The coastal margin along the Gulf
of Alaska has served as a flagship location for inves-
tigating aquatic community dynamics in response to
changes in glacierized (ice-covered) landscapes (e.g.,
Chapin et al. 1994, Fastie 1995, Milner et al. 2000,
Arimitsu et al. 2016). For instance, studies of eco-
logical succession in newly formed glacial streams
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have tracked the colonization of aquatic invertebrates
and fishes over decades of glacier retreat in Glacier
Bay, Alaska (Milner et al. 2008, Milner et al. 2011).
In the nearshore marine environment, gradients in
temperature and turbidity with distance from tidewa-
ter glaciers affect zooplankton and forage fish com-
munity dynamics (Arimitsu et al. 2012, 2016). Yet,
there remain significant gaps in foundational knowl-
edge of ecological community structure in delta and
estuarine habitats, including the temporal and spatial
dynamics of estuarine fish communities and how they
are affected by meltwater from high elevation, land-
terminating glaciers (O’Neel et al. 2015, Pitman et al.
2020). Over the coming decades, deglaciation has
potential to lead to a temporary increase, followed by
a long-term decline of glacial influence on estuaries
(Pitman et al. 2020). Therefore, quantifying the cur-
rent variability in estuarine fish community structure
in regions predicted to be most affected by glacial
volume reduction is crucial for anticipating future
impacts.

This study contributes new knowledge of fish com-
munity structure and spatiotemporal dynamics in gla-
cially influenced estuaries. Here, we synthesize fish
community data collected monthly (April through
September) over 7 years (2013-2019) along 65 km
of coastline in the southeastern Gulf of Alaska. We
selected intertidal river delta sites along a natural gra-
dient of glacial to non-glacial watersheds near Juneau,
Alaska, to characterize variation in fish communities
that are exposed to different degrees of glacial influ-
ence. Our objectives were to quantify interannual and
seasonal variation in fish community structure (taxa
richness and relative abundance) along the glacial to
non-glacial watershed gradient and to parse the rela-
tive importance of temporal and spatial variables in
explaining estuarine fish community patterns. Find-
ings from several studies support the hypothesis that
spatial variation plays a stronger role than temporal
variation in shaping estuarine communities in coastal
Alaska (Robards et al. 1999; Abookire and Piatt
2005; Speckman et al. 2005; Arimitsu et al. 2012);
however, these studies involve relatively larger geo-
graphic distances and/or narrower windows of tem-
poral sampling than the current study, which com-
plements previous work by increasing the temporal
resolution of sampling events both within and among
years. This large dataset allows for powerful tests of
whether seasonal and annual variation in estuarine

fish communities differ among sites that vary in their
glacial influence.

Methods
Field sampling

Sampling was conducted in estuaries near Juneau,
Alaska, along Lynn Canal, Favorite Channel, and
Gastineau Channel (Fig. 1). Sites (n=7) are located
in intertidal habitats at the mouths of rivers (deltas)
in watersheds that vary in their size and degree of
glacier cover (Table 1, Figure S1). Total watershed
area and the ice-covered area within the watershed
(expressed as percent glacier cover) have been pub-
lished for a majority of these sites (Hood and Berner
2009). Updated values were provided by Croix Fyl-
paa (University of Southeast, personal communi-
cation, 4/1/2020), who calculated watershed areas
(delineated at the HUCI2 boundary designation)
using the National Hydrography Dataset and Water-
shed Boundary Layer dataset (USGS 2020) and gla-
cier coverage using the Randolf glacier inventory
(RGI Consortium 2017). The vast majority of sam-
pling was conducted at four delta sites—Sheep Creek,
Cowee Creek, Eagle River, and Mendenhall River—
along a watershed gradient from 0 to 54% glacier-
ized (i.e., land currently overlaid by glacier; Table 1).
Three less frequently sampled sites—Lemon Creek,
Berners Bay, and Sawmill Creek—were included in
catch summaries so that our full dataset is compre-
hensively reported, but excluded from statistical anal-
yses. Lemon Creek was sampled intensively during
only 1 year (2019) and required a modified sampling
protocol due to high current at the site, while Berners
Bay and Sawmill Creek were each sampled on 2 days
in 2014. Watershed metrics were also unavailable for
Berners Bay and Sawmill Creek.

Fish were collected by beach seine in shallow slop-
ing, low-relief, intertidal areas along the beach near
the outflow of each river. Substrate type was consist-
ent across sites, characterized by sand, mud, and silt
with interspersed cobble (Whitney et al. 2017; Figure
S1). Data were collected for multiple studies from
2013 to 2017 and 2019 (Whitney et al. 2017; Whitney
et al. 2018; Duncan and Beaudreau 2019; Lundstrom
et al. 2022; Bergstrom unpublished data), so there
was some variation in frequency of sampling and net
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Fig. 1 Map of study sites
(numbered points) near
Juneau, Alaska. The City Vs
of Juneau is in closest /
proximity to symbol #6 on
the map. Dark blue lines
show the rivers draining
into each site (Table 1) and <
white polygons with blue
stippling denote the glacier-
ized portion of watersheds
outlined in black. Percent
glacier cover is reported for
all sites in Table 1
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type used. Seining methodology was consistent across
studies and is described in detail by Whitney et al.
(2017). For a given sampling event (unique combina-
tion of site and date, n=137), between one and seven
seine sets were performed [4.69+1.69 (mean+SD)
sets per event] within 2 h of negative low tide during
morning daylight hours between April and September
(Table S1). Seine nets were towed parallel to shore
by two researchers for a duration of 2—-12 min per set
[n=643 sets, 5.59+1.38 (mean+SD) minutes per
set]. While we strove for consistency in the number
of sets per sampling event and the duration of each
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set, weather and tidal conditions on a given day led
to some variation. A target number of 5-6 sets were
established based on the maximum number of seine
sets that were possible during each low tide sampling
window. A target set duration of 5-7 min was drawn
from our experience operating the beach seine under
local conditions, allowing sufficient time to herd fish
into the net while limiting the extent of fouling the net
with algae or debris. Two net types were consistently
used from 2013 to 2019 (black mesh dimensions:
152 m longx2.4 m deep with 0.95 cm stretched
knotless black mesh; white mesh dimensions: 15.2 m
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Table 1 Sites sampled at river mouths near Juneau, Alaska,
from 2013 to 2019. Watershed area and glacier coverage data
are from C. Fylpaa (University of Alaska Southeast, personal

communication, 4/1/2020). U indicates that watershed metrics
are undetermined for infrequently sampled locations

Site name (acronym) Estuary location

Watershed area (km?) Percent glacierized  Years sampled

(°N, °W)
Sawmill Creek (SaC) 58.717,—134.942
Sheep Creek (ShC) 58.262,—134.335
Cowee Creek (CC) 58.685, —134.947
Lemon Creek (LC) 58.345,—134.524
Eagle River (ER)* 58.520,—134.851
Mendenhall River (MR) 58.329,—134.609
Berners Bay (BB)® 58.788,—134.948

8] 0 2014
15.5 0 2016-2017, 2019
119 10 2013-2017, 2019
62.6 25 2019
285 41 2013-2017, 2019
228 54 2013-2017, 2019
U 8] 2014

#The confluence of the Herbert River and Eagle River drain into the ER site. The watershed area and discharge are for the combined
Herbert (158 km?) and Eagle (127 km?) river watersheds, which are both 41% glacierized

"Head of Berners Bay, near the confluence of Berners, Lace, Antler, and Gilkey rivers

longx2.4 m deep with 1.27 cm stretched knotless
white mesh). In 2016 and 2017, the white mesh and
black mesh nets were both used, allowing for a com-
parison of catch composition between them (see the
“Univariate analysis of taxa richness and relative
abundance” section). For 62 sampling events in 2016
and 2017, alternating seine sets were performed with
the white mesh and black mesh nets (approximately 3
sets each, for a total of 6 sets/event).

Captured fish were placed in buckets with aerators
and processed following completion of all sets. Fishes
were identified to species or lowest taxonomic reso-
lution possible (Johnson et al. 2015) and quantified
separately for each set. Fish that were not retained for
laboratory analyses were returned alive to the site of
capture following quantification. Only fishes >20 mm
TL were recorded due to smaller fish escaping
through seine net mesh. Sampling was performed
under collection permits from the Alaska Depart-
ment of Fish and Game and the Alaska Department
of Natural Resources, and with approval from the
University of Alaska Institutional Animal Care and
Use Committee (protocols 465729, 880562, 479533,
1238650).

Data preparation and visualization

To prepare data for analysis, we checked for errors
and consistency in species identification. For some
taxa, fishes were identified to different levels of
taxonomic resolution depending on the particular
study year and objectives (e.g., juvenile salmonids,

Oncorhynchus spp.). Therefore, we reclassified fish to
the genus level, except for species in the families Ago-
nidae, Hexagrammidae, and Liparidae, which were
classified at the family level due to lack of confident
discernment between two or more genera (Table 2).
We eliminated seine sets for which set duration had
not been recorded or for which there were other meth-
odological issues, such as lengthy hang-ups on debris.

Catch-per-unit-effort (CPUE) was calculated as
a measure of relative abundance for each species as
the number of individuals caught per minute for each
set individually, then averaged across sets for a given
sampling event (site X date). The number of unique
taxa was calculated for each seine set as the number
of taxa caught per minute (standardized taxa rich-
ness). Summary statistics in Supplementary Informa-
tion tables report catches per 5 min to approximate
realistic seine set durations. We evaluated spatial and
temporal patterns in taxonomic diversity and com-
munity composition using univariate and multivariate
analyses, coupled with data visualization.

For five sites (Cowee Creek, Eagle River, Lemon
Creek, Mendenhall River, Sheep Creek), we visual-
ized temporal patterns in taxonomic composition and
CPUE of dominant species to aid in interpretation of
univariate and multivariate statistical results. First, we
calculated the taxonomic composition of beach seine
catches as the CPUE for each taxon (individuals/
min, summed across sets) divided by the total CPUE
of all fish across seine sets in a given month. Next,
we plotted the relative abundance of dominant spe-
cies (i.e., those caught in more than 30% of all sets),

@ Springer
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determined as the average CPUE per set in a given
month.

Univariate analysis of taxa richness and relative
abundance

To determine whether net type should be included as a covari-
ate in statistical models, we used paired #tests to compare
standardized taxa richness (taxa/minute) and CPUE (indi-
viduals/minute) between white mesh and black mesh nets for
paired sampling events in 2016-2017. There were significant
differences between net types for both metrics (paired #tests;
CPUE: df=61, t=3.143, P=0.003; taxa richness: df=6l,
t=6.076, P<0.001), with the black net yielding higher CPUE
and taxa richness. Therefore, we took net type into account for
all further analyses.

We quantified seasonal trends in richness and
relative abundance among the four most consistently
sampled sites (Cowee Creek, Eagle River, Menden-
hall River, Sheep Creek) using generalized additive
mixed models (GAMMs) with a Gaussian distribu-
tion and identity link (“mgcv” package in R; Wood
2011, R Core Team 2019). Standardized taxa richness
and CPUE for each set were separately modeled as a
function of fixed effects day of year, site, and an inter-
action between day of year and site. Net type (i.e.,
small black mesh, large white mesh) and year were
included as random effects to account for differences
among gear types and interannual variation. Because
of the expected nonlinear seasonal trends in taxa rich-
ness and CPUE, we included smoothing functions
for day of year and day of year X site terms, with the
degree of smoothing (k=5) determined using gener-
alized cross-validation (GCV; Wood 2017). Response
variables were natural log-transformed to normalize
the data. The full set of candidate models was com-
prised of all combinations of potential predictor vari-
ables using the “dredge” function from the “MuMIn”
package in R (Bartori 2020; R Core Team 2019) and
model selection was performed using Akaike’s infor-
mation criterion (AIC). Models within two units of
the lowest AIC (AAIC<2) were considered to per-
form equivalently (Burnham and Anderson 2002).

Multivariate analysis of community composition
Differences in community composition across sites,

months, and years were assessed using multivariate
ordination performed using data from the four most

consistently sampled sites. Because of the net effect
detected in univariate analyses, we performed mul-
tivariate analyses separately on data from the white
mesh and black mesh nets. To reduce the effects of
set-level variation, we used mean CPUE per sampling
event (i.e., average of CPUE across sets for each sam-
pling date X site combination) as the input for analy-
ses. CPUE was square-root transformed to reduce
the influence of rare species and used to generate
an abundance-based Bray—Curtis similarity matrix
(Clarke 1993). To test for differences in composi-
tion across sites, months, and years, we ran a 3-factor
analysis of similarity (ANOSIM) on the Bray—Curtis
matrix. After finding a non-significant effect of year
(see “Results”), we then ran a 2-factor ANOSIM to
test for differences across sites and months. Day of
year was converted into month (April through Sep-
tember), as ANOSIM requires categorical factors.

ANOSIM produces both an R-value and a P-value.
The R-values (0-1) indicate the degree of separa-
tion between groups; a value of O indicates groups
of identical composition while a value of 1 indicates
no overlap in the composition between the groups
(Clarke et al. 2014). Following Creque and Czesny
(2012), we interpreted R-values <0.25 as weak differ-
ences, R-values 0.26 to 0.50 as moderate differences,
and R-values >0.51 as strong differences among the
groups. The P-value produced by ANOSIM is permu-
tation-based and affected by sample size (Clarke et al.
2014), and as such we did not rely on these values
for inference. Following ANOSIM, we used similar-
ity percentages (SIMPER) to identify which species
contributed most to differences in composition among
sites and months. Multivariate analyses were con-
ducted in PRIMER V7.0.13 (Plymouth Marine Labo-
ratories, UK, Clarke and Gorley 2015).

Results

We caught a total of 46,722 fish in 643 beach seines
among all 137 sampling events (Table S1). A total of
30 different taxonomic groups was analyzed, com-
prising 27 genera and 3 families. Combining all seine
sets, the most common taxa by total abundance were
Pacific staghorn sculpin Leptocottus armatus (46%),
starry flounder Platichthys stellatus (21%), juvenile
salmon Oncorhynchus spp. (18%), and Dolly Varden
Salvelinus malma (3%), while the remaining 26 taxa
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each accounted for less than 3% of the catch (Table 2).
Less commonly encountered species included some
that are commercially harvested as adults in Gulf of
Alaska fisheries, including yellowfin sole (Limanda
aspera; 1.2%), Pacific herring (Clupea pallasii;
1.1%), lingcod (Ophiodon elongatus;<0.1%), and
walleye pollock (Gadus chalcogrammus;<0.1%,
Table 2). Pacific staghorn sculpin was the most com-
monly occurring species, present in 90% of all beach
seine sets, followed by starry flounder (88%), juvenile
salmon (46%), rock sole Lepidopsetta spp. (34%),
and Dolly Varden (32%); the remaining 25 taxa were
found in fewer than 25% of seine sets. Three taxa
were captured at all seven sites at least once over the
duration of the study (Pacific staghorn sculpin, starry
flounder, and juvenile salmon), while eight taxa were
captured at only one or two sample sites (Table 2).
Across all years and sites, we captured an average
of 69 fish from 4.0+2.2 (SD) taxonomic groups per
5-min seine set (Table S1, Table S2).

Patterns of taxa richness and relative abundance

For the five most frequently sampled sites, mean
(+SD) taxa richness across sampling events ranged
from 3.7 (+2.0) taxa per 5-min set at Eagle River to
4.4 (£2.3) taxa per 5-min set at Mendenhall River
(Table S2). Seine catches at Cowee Creek, Eagle
River, and Mendenhall River sites had a higher spe-
cies richness across all sampling events combined
(25, 25, and 24 unique taxa, respectively), followed
by Sheep Creek (16 taxa; Table S2). Lemon Creek
had the lowest overall species richness (6 taxa),
with catches dominated by Pacific staghorn sculpin,
juvenile salmon, and juvenile flatfishes (Table S2).
Mean abundance (CPUE) per sampling event ranged
from 42 fish per 5-min set at the Cowee Creek site to
108 fish per 5-min set at the Mendenhall River site
(Table S1).

The best model explaining variation in standard-
ized taxa richness (number of taxa caught per min-
ute) included day of year, site, day of yearXsite
interaction, year, and net type (Table 3, Table S3).
For relative abundance (CPUE), the GAMM that
included all predictors except day of year had the
lowest AIC score but the full model performed
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equivalently based on AAIC <2 (Table 3, Table S3).
We visually inspected the estimated partial effects
from the best fit GAMMSs to assess changes in taxa
richness and CPUE as a function of each predictor
variable, when other sources of variation are held
constant. Partial effects plots show increasing rela-
tive abundance and taxa richness through spring
months to a peak in mid- to late-June before declin-
ing slightly and stabilizing at intermediate levels
(Fig. 2a and 3a). The seasonal trend in taxa richness
and timing of peak richness varied among sites,
without a clear relationship to the watershed gra-
dient (Table 3 and Fig. 4). Seasonal trends in rela-
tive abundance also varied among sites, exhibiting
more dome-shaped curves with peaks in late June
at the Sheep Creek and Cowee Creek sites (less
glacierized) and approximately asymptotic growth
to peak levels in late May at the Eagle River and
Mendenhall River sites (more glacierized) (Table 3
and Fig. 5). Based on partial effects plots, relative
abundance was lower and taxa richness was higher
on average at the Sheep Creek and Cowee Creek
sites compared to the Eagle River and Mendenhall
River sites (Fig. 2c and 3c). Relative abundance and
richness varied among years, with a peak in 2015
and lowest levels in 2013 and 2019, but the 95%
confidence intervals of the estimated partial effects
overlap among years (Fig. 2b and 3b). The GAMM
results confirmed a significant net effect; specifi-
cally, relative abundance and taxa richness were
higher on average in the black net compared to the
white net (Fig. 2d and 3d).

Variation in community composition

Results were qualitatively similar between net types,
so we present only the results from the white mesh
net here, as it was the net type used most consistently
across sampling events. The 3-way ANOSIM indi-
cated a weak, non-significant effect of year (R=0.181,
P=0.058), a weak, significant effect of site (R=0.215,
P=0.015), and a moderate, significant effect of month
(R=0.329, P=0.003). A 2-way ANOSIM (with year
removed) confirmed a weak, significant effect of site
(R=0.245, P=0.001) and a moderate, significant
effect of month (R=0.353, P=0.001).
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Table 3 Generalized additive mixed model (GAMM) sum-
maries for standardized taxa richness (taxa/min) and catch per
unit effort (CPUE, individuals/min), which were natural log
transformed and modeled separately. The full model estimated
the fixed effects of day of year, site, day of year X site, and ran-
dom effects of year and net type. Predictor variables included

in the top three models for each response are indicated with an
X. We also report the adjusted R> (Adj. R%), percent deviance
explained (% Dev.), degrees of freedom (df), log likelihood
(logLik), Akaike’s information criterion corrected for small
sample size (AICc), AAICc, Akaike weight (w;), and general-

ized cross validation score (GCV) for each model

Predictors included in model

Model summary statistics

Response variable ~ Day Site Dayxsite Year Nettype Adj.R> % Dev df logLik AICc AAICc w, GCV

Standardized taxa X X X X X 0.32 337 21 -—4286 9024 O 0.762  0.260
richness (taxa

min~!)

Standardized taxa X X X X 0.31 337 22 —-4288 9050 2.6 0.205 0.261
richness (taxa

min~h)

Standardized taxa X X X X 0.30 322 18 —4354 9098 75 0.018 0.263
richness (taxa

min~!)

CPUE (ind. min™!) X X X X 0.40 423 23 —-866.0 17802 O 0.554 1.110

CPUE (ind. min™) X X X X X 0.40 418 20 -868.8 1780.7 0.5 0.439 1.111

CPUE (ind. min™") X X X X 0.39 41.1 21 —-8724 17903 10.1 0.004 1.129
Variation in community composition across (average of % dissimilarity for pairwise month com-

months was visualized using a nonmetric multidi-
mensional (nMDS) scaling plot (Fig. 6). The 3D
stress value (0.15) indicated a reasonably good rep-
resentation of the data in three dimensions, while the
2D stress value (0.21) indicated a moderate fit (Clarke
and Gorley 2015). For ease of visual interpretation,
we show the 2D ordination plot (Fig. 6), which sup-
ports the quantitative results indicating that the great-
est differences were between early spring (April-May,
light colors) and summer (August, darker colors)
months. Across months, weak to moderate significant
pairwise differences were found between Menden-
hall River and Cowee Creek (R=0.518), Eagle River
and Sheep Creek (R=0.385), and Eagle River and
Cowee Creek (R=0.240; Table 4). Across sites, mod-
erate to strong, significant pairwise differences were
found between April and June (R=0.724), May and
June (R=0.561), and May and August (R=0.499;
Table 4). Based on SIMPER results, Pacific staghorn
sculpin and starry flounder were the top two species
contributing to differences across months (Table S4)
and sites (Table S5). Pacific staghorn sculpin con-
tributed a mean 24.7% dissimilarity among months

parisons) and 24.2% dissimilarity among sites, while
starry flounder contributed a mean of 13.0% dissimi-
larity among months and 13.2% dissimilarity among
sites (Table S4, Table S5). Juvenile salmon also con-
tributed to the strong differences between spring and
summer months (Table S4; mean of 15.9% dissimilar-
ity among months).

Visualization of taxon-specific seasonal patterns

We created visual summaries showing taxonomic
composition of the catch across sites and months
and relative abundance of five dominant species to
aid interpretation of the statistical results. Pacific
staghorn sculpin increased in proportional contri-
bution to the catch (Fig. 7) and relative abundance
(Fig. 8) from April to a peak around July at most
sites. Sheep Creek was an exception, where Pacific
staghorn sculpin continued to increase to a peak
density in September. Pacific staghorn sculpin
occurred in highest densities at Eagle and Menden-
hall river sites. Starry flounder contributed a rela-
tively consistent proportion of the catch throughout
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Fig. 2 Partial effects of day of year (a), year (b), site (c), and
net type (d) on standardized taxa richness, calculated as the
number of unique taxa captured per minute of seining. Black
lines show the estimated back-transformed predicted values
from GAMMs fitted to natural log-transformed data. Gray
bands are the 95% confidence intervals and tick marks show

the summer and found in highest densities at Eagle
and Mendenhall river sites (Fig. 7 and 8). A salmon
pulse occurred in May, particularly at Sheep Creek,
Mendenhall River, and Cowee Creek sites (Fig. 8).
Dolly Varden peaked in June and their relative
abundance was highest at Sheep and Cowee creek
sites (Fig. 8). On average, a higher relative abun-
dance of dominant species occurred at Eagle and
Mendenhall river sites compared to Cowee and
Sheep creek sites (Fig. 8).
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the distribution of individual observations. Sites are shown
in separate panels, ordered from lowest percent glacier cover
in the watershed (Sheep Creek; 0%) to highest percent gla-
cier cover (Mendenhall River; 54%). Percent glacier cover is
reported for all sites in Table 1

Discussion

Consistent with estuaries in other regions, glacially
influenced estuaries in Alaska experience large natu-
ral fluctuations in salinity, temperature, dissolved
nutrients, and turbidity over tidal, seasonal, and
interannual scales, which can affect trophic interac-
tions (Whitney et al. 2017) and community dynam-
ics (Allen 1982; Bechtol 1997; Robards et al. 1999;
Abookire et al. 2000). The influence of freshwater,
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Fig. 3 Partial effects of day of year (a), year (b), site (c¢), and
net type (d) on standardized relative abundance (CPUE), cal-
culated as the number of individual fish captured per minute of
seining. Black lines show the estimated back-transformed pre-
dicted values from GAMMs fitted to natural log-transformed
data. Gray bands are the 95% confidence intervals and tick

including glacier runoff, is massive within the inside
waters of the Alexander Archipelago (Weingartner
et al. 2009, Edwards et al. 2021). Differences in
seasonal patterns of taxa richness and abundance
between the most and least glacially influenced sites
suggest that hydrological factors influence the struc-
ture of delta fish communities. However, strong mix-
ing due to coastal circulation may have a homogeniz-
ing effect that dampens the influence of proximate
watersheds on delta habitat and community structure,
possibly explaining why differences in community
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marks show the distribution of individual observations. Sites
are shown in separate panels, ordered from lowest percent gla-
cier cover in the watershed (Sheep Creek; 0%) to highest per-
cent glacier cover (Mendenhall River; 54%). Percent glacier
cover is reported for all sites in Table 1

structure among our sites were relatively small. In
addition, glacier recession is only one of many land-
scape-scale drivers affecting watersheds and adjacent
coastal ecosystems.

When examined alongside other nearshore sur-
veys of Lynn Canal fish communities (e.g., John-
son et al. 2015), our findings suggest that delta fish
communities may be unique from those in adjacent
habitats with more complex structure (e.g., cobble,
bedrock, vegetation). In particular, our sites were
dominated by fewer, highly abundant species that
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Fig. 4 Seasonal trends in standardized taxa richness, calcu-
lated as the number of unique taxa captured per minute of sein-
ing. Black lines show the estimated back-transformed partial
effects of day of year X site from GAMMs fitted to natural log-
transformed data. Gray bands are the 95% confidence intervals

are well adapted to low salinity environments. The
relative importance of temporal and spatial factors
in explaining variability in shallow-water marine
fish communities in the Gulf of Alaska likely
depends on scale. In this study, seasonal variation
in fish communities was stronger than site effects;
however, when Lynn Canal fish communities were
compared with those in Kachemak Bay within the
central Gulf of Alaska, regional differences were
stronger than seasonal factors (Lundstrom et al.
2022). Our study provides an important baseline
from which to compare shifts in fish communi-
ties over the coming decades as glacier recession
is expected to accelerate, with consequences for
downstream estuarine habitats.
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and tick marks show the temporal distribution of individual
observations. Sites are shown in separate panels, ordered from
lowest percent glacier cover in the watershed (Sheep Creek;
0%) to highest percent glacier cover (Mendenhall River; 54%)

Seasonal and interannual variation in fish
communities

We found strong temporal variation in estuarine
fish richness, abundance, and taxonomic composi-
tion, primarily due to seasonal effects. In general,
both richness and abundance increased from April to
a peak in May and June, followed by a decrease or
plateau, depending on the site. Taxonomic composi-
tion also varied seasonally, with April and May sam-
ples exhibiting separation in multivariate space from
those collected in June through September. This is
explained, in part, by the influence of outmigrating,
wild-born juvenile salmon and releases of hatchery-
reared juvenile salmon that peak in abundance in the
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Fig. 5 Seasonal trends in standardized relative abundance
(CPUE), calculated as the number of individual fish captured
per minute of seining. Black lines show the estimated back-
transformed partial effects of day of yearxsite from GAMMs
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confidence intervals and tick marks show the temporal dis-
tribution of individual observations. Sites are shown in sepa-
rate panels, ordered from lowest percent glacier cover in the
watershed (Sheep Creek; 0%) to highest percent glacier cover

(Mendenhall River; 54%)

Fig. 6 Nonmetric multidi-
mensional scaling (nMDS)
ordination plot of species
composition across sites (all
sampling years included).
Symbol color and shape
represent sampling month.
The ordination includes
data from all years and
sites, except for Bern-

ers Bay, Lemon Creek,

and Sawmill Creek; only
samples collected using the
white mesh net were used in
this analysis

2D Stress: 0.21

7
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Table 4 Pairwise tests of differences between sites (bottom
left, blue shading) and months (upper right, green shading)
from the ANOSIM analysis, including R-statistics and p-values

in parentheses. Significant differences are in bold print. Dif-
ferences between years were all non-significant and are not
shown. Site acronyms are defined in Table 1

Apr May Jun Jul Aug Sep Month
comparison
ShC 0313 [0.724 | 0.250 |-0.167 |0.500 | Apr
(0.111) | (0.004) | (0.383) | (0.770) | (0.185)

CcC -0.024 0.561 |0.391 |0.499 |0.333 | May
(0.541) (0.001) | (0.079) | (0.014) | (0.230)

LC 0.500 | 0.500 0.045 ]0.026 |0.424 |Jun
(0.333) | (0.333) (0.404) | (0.440) | (0.120)

ER 0385 |0.240 | 0.674 0.009 | N/A* | Jul
(0.034) | (0.044) | (0.111) (0.556)

MR -0.032 | 0.518 | 0.500 | 0.188 N/A* | Aug
(0.542) | (0.011) | (0.333) | (0.193)

Site ShC CcC LC ER MR Sep

comparison

*There were not enough permutations to generate R statistics for these paired comparisons.

nearshore during May—June (Duncan and Beaudreau
2019; Lundstrom et al. 2022). With the exception of
salmon, the early life history of fishes dominating
our study sites is poorly understood, particularly the
timing of recruitment for juvenile groundfishes. If

the strong seasonality of primary production in high
latitude estuaries (e.g., Carstensen et al. 2015) is a
bottom-up driver of recruitment, we would expect
to see higher densities of juvenile fish following the
April-May plankton bloom (Ziemann et al. 1991).

Sheep Creek (0%) Cowee Creek (10%) Lemon Creek (25%)
1.00+
0.751
0.50+
w 0.251
o}
5
5 0.00+
5 Eagle River (41%) Mendenhall River (54%)
’%‘ 1.00+ Taxon
aQ
o . Poacher . Snake prickleback
o 0.754 . Sand lance . Sculpin-Myoxocephalus
. Herring . Juvenile salmon
Sculpin-Enophrys Other
0.50+
Stickleback Gunnel
Rock sole Starry flounder
0.25+ Staghorn sculpin i8] Dolly Varden
[_] Yeliowfin sole
0.00+

Month

Fig. 7 Taxonomic composition of beach seine catches by site, calculated as the catch per unit effort (CPUE, N fish per minute
seined) of each taxon divided by the total CPUE across all sets in a given month
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Fig. 8 Relative abundance of dominant species, determined as
the average catch per unit effort (N fish per minute seined) per
set in a given month. Species caught in more than 30% of all

Catches of starry flounder generally increased gradu-
ally over the summer, while rock sole, Pacific stag-
horn sculpin, and Dolly Varden densities peaked in
June—July; however, seasonal patterns in CPUE of
individual species varied substantially across sites
(Fig. 8). Seasonal shifts in estuarine fish assemblages
and size structure are also a function of fish popula-
tion dynamics (e.g., timing of recruitment) as well as
movement of juvenile fishes to feed and/or seek opti-
mal environmental conditions for growth (e.g., Nash
1988, Thiel et al. 1995). Even lower latitude estuar-
ies with dampened temperature variability throughout
the year exhibit seasonal changes in fish assemblages;
for instance, only around half of the 70 fish species in
a Georgia estuary were present year-round (Dalberg

sets are shown. Note the different y-axis scales for each taxon.
Percent glacier cover is reported for all sites in Table 1

and Odum 1970) and abundances of four species fluc-
tuated drastically among seasons in the Apalachicola
Bay estuary in Florida (Livingston 1976). Given
that our samples were collected during the warmest
months, over the period of peak runoff from glacial
systems, we would expect to see even stronger sea-
sonality in fish assemblages sampled across the entire
year. We did not sample during winter for the current
study. However, a small number of seining efforts
were conducted November 2017 through March 2018
at Eagle River, Sheep Creek, and Lemon Creek for
a different project, and CPUE was nearly zero until
early April (Bergstrom, unpublished data), suggest-
ing that most fishes go into deeper water during the
colder months.
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While our strongest temporal signal was seasonal,
there were also minor differences in fish abundance
and richness across years, with lowest counts in 2013
and highest in 2015 (Fig. 2 and 3). However, this may
have been partly a consequence of sampling error, as
our lowest sampling efforts occurred in those years,
both of which have relatively large 95% Cls in pre-
dicted partial effects from the GAMMSs. Additionally,
the most heavily sampled years of 2014, 2016, 2017,
and 2019 exhibit only slight variability in relative
abundance and taxa richness among them, and our
multivariate analysis of community structure found
an overall non-significant effect of year. Interannual
variation in precipitation and temperature may influ-
ence estuary fish assemblages in the study area; for
example, the summer of 2014 was relatively cool and
wet compared to the summer of 2019, which was one
of the warmest on record in Southeast Alaska (ACRC
2019; NOAA 2020). However, given only small inter-
annual differences in community structure over the
period of the study, we conclude that year-to-year
variation at these sites is relatively low at present.

Differences among intertidal sites along the glacial to
non-glacial gradient

Seasonal patterns in fish abundance and richness
varied among sites, as indicated by the significant
site*day of year effects in GAMMSs. The more gla-
cially influenced sites (Mendenhall River and Eagle
River) reached a peak in relative abundance (CPUE)
in May that persisted through September, while
the less glacially influenced sites (Sheep Creek and
Cowee Creek) peaked in May but decreased through
late summer. Lundstrom et al. (2022) detected similar
patterns in mean size of two dominant species, Pacific
staghorn sculpin and starry flounder, at the same sites.
If juvenile groundfish growth and distribution are
strongly influenced by freshwater drivers, differences
in the seasonal hydrograph of predominantly glacial
and precipitation-fed streams could explain these
site-specific seasonal trends. Estuaries at the outflow
of glacial rivers experience persistent high discharge
rates and cold temperatures through summer, while
estuaries near less glacierized watersheds experience
sharp decreases in flow rate and increases in tempera-
ture as rainfall decreases through the summer (Whit-
ney et al. 2017; Lundstrom et al. 2022). The relative
stability of summertime temperatures and salinities
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in glacial systems therefore provides extended peri-
ods of suitable habitat for the two most abundant spe-
cies in this study, Pacific staghorn sculpin and starry
flounder, which were more common in Mendenhall
River and Eagle River sites. Subtle differences in
seasonal patterns of taxa richness among sites are
largely explained by differences in the proportions of
dominant species across months. The distinct peak in
taxa richness during June at Sheep Creek and Cowee
Creek sites coincided with a higher proportion of
salmonids, particularly Dolly Varden, during that
month. Taxa richness at Eagle River and Mendenhall
River sites showed more of a plateau during the sum-
mer, due to the higher dominance of Pacific staghorn
sculpin at those sites from June onward.

Overall differences in taxa richness and abun-
dance across sites were small compared to differ-
ences across months, but were significant and exhib-
ited some patterns associated with degree of glacial
influence. The more heavily glacially influenced
sites, Eagle River and Mendenhall River (41% and
54% glacierized, respectively), had lower mean rich-
ness but higher mean abundance compared to Cowee
Creek and Sheep Creek (10% and 0% glacierized,
respectively), after controlling for other factors in the
GAMMs. Increasing freshwater runoff and siltation
from glacial meltwater may lead to habitat homogeni-
zation, resulting in a lower diversity of benthic spe-
cies in delta habitats, as observed in Arctic coastal
and fjord ecosystems (Wlodarska-Kowalczuk et al.
2007, Westawski et al. 2011). Thus, there may be
lower overall fish richness in estuaries more heav-
ily influenced by glacial run-off (Fig. 2), but greater
overall abundance (Fig. 3), driven by a small number
of species that are tolerant to low salinities and high
sedimentation rates. Fish community composition
did not show as clear a separation between the most
and least glacially influenced sites, although pairwise
differences in community structure were significant
between Cowee Creek and both the Eagle River and
Mendenhall River sites (Figure S2). A previous study
of stable isotopes in estuarine consumers at a subset
of our study sites indicated that marine benthic inver-
tebrates in the Cowee Creek estuary had a higher con-
tribution of terrestrial-riverine derived carbon to their
diets compared to those at the Mendenhall River site,
which had a higher contribution of marine derived
carbon (Whitney et al. 2018). Whitney et al. (2018)
attributed this to higher retention of terrestrial organic
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matter in Cowee Creek delta habitat due to substan-
tially lower flows and a higher percent forest cover in
the Cowee Creek watershed, compared to the more
glacierized Mendenhall River watershed. Another
study found moderate differences in diet composition
of Pacific staghorn sculpin between Cowee Creek and
Mendenhall River estuaries during the period of peak
glacial runoff in August (Whitney et al. 2017).

The relatively small number of sites included in
this study warrants caution in our interpretation of
the role that glacial meltwater plays in explaining
ecological variation. A larger number of sites across
the glacial to non-glacial watershed gradient would
be necessary to confirm these fine-scale spatial pat-
terns. In addition, while there is a gradient of glacial
influence across the sites in this study, all of them
are influenced by glacial run-off from adjacent sys-
tems to some degree, which could dampen variability
in fish community structure among sites. Sheltered
within the Alexander Archipelago, Lynn Canal has
high freshwater retention throughout the spring and
summer and relatively little exposure to the greater
Gulf of Alaska (Weingartner et al. 2009). The spatial
scale of this study was also relatively small compared
to others in Alaska that have detected larger spatial
differences in fish communities. For example, Lynn
Canal estuaries in the eastern Gulf of Alaska are
dominated by estuarine resident species like Pacific
staghorn sculpin and starry flounder, while Kache-
mak Bay estuaries in the central Gulf of Alaska have
greater proportions of marine species like Pacific
sand lance (Ammodytes personatus), Pacific herring,
and gadids (Abookire et al. 2000; Lundstrom et al.
2022). These regional differences are partly attrib-
uted to environmental conditions, particularly salin-
ity, which is higher overall in Kachemak Bay estu-
aries that are more exposed to oceanic conditions
compared to Lynn Canal estuaries (Lundstrom et al.
2022). An additional caveat is that differences in delta
habitats and fish communities among sites is likely
driven by variables other than just watershed com-
position (i.e., percent glacier cover). For example,
estuary morphology, exposure, slope, substrate type,
and circulation may all play a role in determining
habitat features driving fishing community structure
(e.g., Whitfield 1986, Carminatto et al. 2020). Sheep
Creek and Eagle River are more exposed to prevailing
north/south winds and tidal movement in Gastineau
Channel and Lynn Canal, respectively, compared to

the other sites. Additionally, Eagle River, Mendenhall
River, and Sheep Creek sites are closer proximity to
salmon hatchery release areas compared to Cowee
Creek (Duncan and Beaudreau 2019).

Dominant species in glacially influenced sites

A small number of species had a large influence on
our results. The multivariate analysis showed that
the two most abundant and ubiquitous species in this
study—Pacific staghorn sculpin and starry floun-
der—contributed the most to spatial and temporal
differences in community structure. These domi-
nant taxa exhibited considerable variability among
months and among the most intensely sampled sites
(i.e., Fig. 8), but occurred at higher relative abun-
dances at Eagle and Mendenhall river sites overall
compared to Cowee and Sheep creek sites. Pacific
staghorn sculpin and starry flounder tolerate a wide
range of temperature and salinity, including nearly
freshwater conditions (Morris 1960; Mace 1983;
Takeda and Tanaka 2007). These dominant species
occur across the Gulf of Alaska, but seem to be par-
ticularly prevalent in Lynn Canal, especially in delta
habitats (Johnson et al. 2015; Whitney et al. 2017;
Duncan and Beaudreau 2019; Lundstrom et al. 2022).
The fine sediments deposited at glacial river deltas
may be ideal for starry flounder, which burrow into
substrates to camouflage themselves (Moles and Nor-
cross 1995). An analysis of starry flounder size struc-
ture at four of the estuary sites we sampled (Menden-
hall River, Eagle River, Cowee Creek, Sheep Creek)
indicated significant relationships between starry
flounder mean length and temperature and turbidity,
with length increasing with warmer temperatures and
higher turbidity (Lundstrom et al. 2022).

The fish assemblage structure we observed at river
deltas differs from findings of other intertidal fish
community studies in our study region. For example,
Johnson et al. (2015) found walleye pollock (Gadus
chalcogrammus), Pacific sand lance, and Pacific her-
ring to be the most abundant species in Southeast
Alaska fish communities, based on beach seine sur-
veys conducted from 1998 to 2004. However, their
sampling was conducted in seagrass, bedrock, mud/
sand, and cobble habitats using a larger seine net
deployed by boat, which necessitated sampling deeper
habitats than the shallow delta areas we sampled
(Johnson et al. 2015). We did not fully characterize
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estuary fish communities at our study sites, as beach
seines only sample a narrow band of intertidal habi-
tat and, like all gear types, are not equally selective
across species. Sampling adjacent subtidal areas
using small trawls, for instance, would help to better
resolve the community structure across a larger extent
of estuarine and delta habitat. Despite these limita-
tions, our study fills a gap in understanding of fish
assemblages in delta habitats of Southeast Alaska,
which may be unique and dominated by relatively few
species with high physiological tolerance to fluctua-
tions in salinity, temperature, and freshwater runoff.

Conclusions

Freshwater discharge into nearshore marine waters
impacts physical habitat parameters (McLusky and
Elliott 2004) and many biological and ecologi-
cal characteristics of fish populations residing there
(Sogard 1992; Nelson et al. 2015; Yetsko and Sancho
2015). In southeastern Alaska and the Gulf of Alaska,
this annual discharge is massive (Hill et al. 2015) and
comprised of both precipitation and glacial meltwa-
ter, the latter of which is predicted to increase drasti-
cally in the coming decades (Arendt et al. 2009; Hood
and Berner 2009). Here, we characterized the struc-
ture of estuarine fish communities that are most likely
to be affected by these hydrological changes across
a spectrum of representative watershed types along
the eastern Gulf of Alaska (Sergeant et al. 2020).
Our findings improve knowledge about the current
range of temporal and spatial variation in metrics of
community structure (taxa richness, relative abun-
dance) in glacially influenced estuaries of Alaska,
thus providing a benchmark against which to track
future ecological changes resulting from watershed
transformation. As changing watersheds continue to
alter stream and estuarine habitat, anadromous spe-
cies may be particularly responsive to glacier retreat,
which is expected to both create and eliminate habitat
for Pacific salmon (Pitman et al. 2020). However, rel-
ative stability across a 7-year period with substantial
interannual variation in precipitation and temperature
suggests that estuarine fish communities in our study
region are well adapted to variable conditions, which

@ Springer

could confer resilience to environmental change, at
least in the near term. Notably, we did not detect a
response of fish communities at our sites to the long-
est persisting marine heat wave of the last decade
(2014-2016), which resulted in abrupt ecological
shifts across the Gulf of Alaska (Suryan et al. 2021).
This lends credence to the expectation that increas-
ing glacier runoff may serve as a cold-water buffer
as stream and coastal waters warm (Pitman et al.
2020). Future studies would benefit from continuous
measurements of water quality parameters (tempera-
ture, salinity, turbidity) to better resolve the mecha-
nistic linkages between fish community structure and
estuarine habitat conditions. Continued monitoring
of these dynamic systems, especially those that cap-
ture intra-annual variability with multiple sampling
efforts, will be important for tracking longer-term
shifts in estuary habitats and communities affected by
glacier retreat.

Acknowledgements This research was funded by the Alaska
Established Program to Stimulate Competitive Research (EPS-
CoR) National Science Foundation award no. OIA-1208927
and award no. OIA-1757348 and by the State of Alaska. In
addition, this publication is the result of research sponsored
by Alaska Sea Grant with funds from the National Oceanic
and Atmospheric Administration Office of Sea Grant, Depart-
ment of Commerce, under grant no. NA14OAR4170079 (pro-
jects RR/14-01 & R/32-07 to AHB) and GO0009215 (project
14CR-07 to CAB), and from the University of Alaska with
funds appropriated by the state. Student support was also pro-
vided to DHD through a Ladd Macaulay Graduate Fellowship
in Salmon Fisheries Research funded through an endowment
and donations provided to the University of Alaska by Douglas
Island Pink and Chum, Inc. (DIPAC), and to NCL by the North
Pacific Research Board through a Graduate Student Research
Award. We are grateful to Franz Mueter for assistance with the
analysis and to the many students and volunteers who partici-
pated in fieldwork. Thanks to two anonymous reviewers whose
comments improved the paper. This research was approved by
the University of Alaska Institutional Animal Care and Use
Committee (protocols 465729, 880562, 479533, 1238650).

Author contribution Conceived of the idea for the manu-
script: AHB, CAB, EJW; acquired funding for the research:
AHB, CAB; supervised organization of the project and manu-
script: AHB, CAB; performed research, such as data collec-
tion, analysis, or modeling: AHB, CAB, EJW, DHD, NCL;
acquired data for the manuscript: AHB, CAB, EJW, DHD,
NCL; contributed to methods or models: AHB, CAB, EJW;
drafted figures and tables: AHB, CAB, EJW; drafted parts of



Environ Biol Fish (2022) 105:431-452

449

the manuscript: AHB, CAB, EJW; edited the manuscript and
performed critical content reviews: AHB, CAB, EJW, DHD,
NCL.

Funding Alaska Established Program to Stimulate Com-
petitive Research (EPSCoR) National Science Foundation
award no. OIA-1208927 and award no. OIA-1757348; Alaska
Sea Grant, National Oceanic and Atmospheric Administra-
tion Office of Sea Grant, Department of Commerce grant no.
NA140AR4170079 (projects RR/14-01 & R/32-07 to AHB)
and G00009215 (project 14CR-07 to CAB); University of
Alaska, with funds appropriated by the State of Alaska; Ladd
Macaulay Graduate Fellowship in Salmon Fisheries Research,
Douglas Island Pink and Chum, Inc. (DIPAC) to DHD; Gradu-
ate Student Research Award, North Pacific Research Board to
NCL.

Data Availability The data used in this study are available
upon request from the corresponding author pending inclusion
in an open data portal. We anticipate that these data will be
publicly available in the NOAA Nearshore Fish Atlas (https:/
alaskafisheries.noaa.gov/mapping/sz_js/) in 2022.

Code availability The R code used for analysis is available
upon request from the corresponding author.

Declarations

Ethics approval The study was conducted with approval
from the University of Alaska Institutional Animal Care and
Use Committee (protocols 465729, 880562, 479533, 1238650).

Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Abookire AA, Piatt JF, Robards MD (2000) Nearshore fish
distributions in an Alaskan estuary in relation to stratifi-
cation, temperature and salinity. Estuarine, Coastal and
Shelf Science 51:45-59

Abookire AA, Piatt JF (2005) Oceanographic conditions struc-
ture forage fishes into lipid-rich and lipid-poor communi-
ties in lower Cook Inlet, Alaska, USA. Marine Ecology
Progress Series 287:229-240

Alaska Climate Research Center (ACRC) (2019) 2019 Alaska
climate review. Fairbanks, Alaska. Available: https://akcli
mate.org/annual_report/2019-annual-report/. Accessed 19
Mar 2022

Allen LG (1982) Seasonal abundance, composition, and pro-
ductivity of the littoral fish assemblage in upper Newport
Bay, California. Fisheries Bulletin 80:769-790

Arendt A, Walsh J, Harrison W (2009) Changes of glaciers and
climate in northwestern North America during the late
twentieth century. Journal of Climate 22:4117-4134

Arimitsu ML, Piatt JF, Madison EN, Conaway JS, Hillgruber N
(2012) Oceanographic gradients and seabird prey commu-
nity dynamics in glacial fjords. Fisheries Oceanography
21:148-169

Arimitsu ML, Piatt JF, Mueter F (2016) Influence of glacier
runoff on ecosystem structure in Gulf of Alaska fjords.
Mar Ecol Prog Ser 560:19-40

Bartori K (2020) MuMIn: multi-model inference. R Version
1.43.17 [software]. Available from: https://cran.r-proje
ct.org/web/packages/MuMIn/index.html.  Accessed 19
Mar 2022

Beamer JP, Hill DF, Arendt A, Liston GE (2016) High-reso-
lution modeling of coastal freshwater discharge and gla-
cier mass balance in the Gulf of Alaska watershed. Water
Resources Research 52:3888-3909

Bechtol WR (1997) Changes in forage fish populations in
Kachemak Bay, Alaska, 1976-1995. In: BaxterBS (ed)
Forage fishes in marine ecosystems: proceedings of the
international symposium on the role of forage fishes in
marine ecosystems, November 13-16, 1996, Anchor-
age, Alaska. Alaska sea grant college program report no.
97-01, University of Alaska Fairbanks, pp. 441-456

Beck MW, Heck KL Jr, Able KW, Childers DL, Eggleston DB,
Gillanders BM, Halpern B, Hays CG, Hoshino K, Minello
TJ, Orth RJ, Sheridan PF, Weinstein MP (2001) The iden-
tification, conservation, and management of estuarine and
marine nurseries for fish and invertebrates. BioScience
51:633-641

Burnham K, Anderson DR (2002) Model selection and mul-
timodel inference: a practical information-theoretic
approach, 2nd edn. Springer, New York

Carminatto AA, Rotundo MM, Butturi-Gomes D, Barrella W,
Petrere M Jr (2020) Effects of habitat complexity and tem-
poral variation in rocky reef fish communities in the San-
tos estuary (SP), Brazil. Ecological Indicators 108:105728

@ Springer


https://alaskafisheries.noaa.gov/mapping/sz_js/
https://alaskafisheries.noaa.gov/mapping/sz_js/
http://creativecommons.org/licenses/by/4.0/
https://akclimate.org/annual_report/2019-annual-report/
https://akclimate.org/annual_report/2019-annual-report/
https://cran.r-project.org/web/packages/MuMIn/index.html
https://cran.r-project.org/web/packages/MuMIn/index.html

450

Environ Biol Fish (2022) 105:431-452

Carstensen J, Klais R, Cloern JE (2015) Phytoplankton blooms
in estuarine and coastal waters: seasonal patterns and key
species. Estuarine, Coastal and Shelf Science 162:98-109

Chapin FS III, Walker LR, Fastie CL, Sharman LC (1994)
Mechanisms of primary succession following degla-
ciation at Glacier Bay, Alaska. Ecological Monographs
64:149-175

Clarke KR (1993) Non-parametric multivariate analyses of
changes in community structure. Australian Journal of
Ecology 18:117-143

Clarke KR, Gorley RN (2015) Getting started with PRIMER
v7PRIMER-E: Plymouth, pp 296

Clarke KR, Gorley RN, Somerfield PJ, Warwick RM (2014)
Change in marinecommunities: an approach to statis-
tical analysis and interpretation, 3rd edn. PRIMER-
E.Plymouth, pp 260

Correll DL (1978) Estuarine productivity. Bioscience
28:646-650

Creque SM, Czesny SJ (2012) Diet overlap of non-native
Alewife with native Yellow Perch and Spottail Shiner in
nearshore waters of southwestern Lake Michigan, 2000—
2007. Ecology of Freshwater Fish 21:207-221

Dahlberg MD, Odum E (1970) Annual cycles of species occur-
rence, abundance, and diversity in Georgia estuarine fish
populations. American Midland Naturalist 83:382-392

Davis BE, Cocherell DE, Sommer T, Baxter RD, Hung TC,
Todgham AE, Fangue NA (2019) Sensitivities of an
endemic, endangered California smelt and two non-native
fishes to serial increases in temperature and salinity:
implications for shifting community structure with cli-
mate change. Conservation Physiology 7. https://doi.org/
10.1093/conphys/coy076

Duncan DH, Beaudreau AH (2019) Spatiotemporal variation
and size-selective predation on hatchery- and wild-born
juveniles chum salmon at marine entry by nearshore
fishes in Southeast Alaska. Marine and Coastal Fisher-
ies: Dynamics, Management, and Ecosystem Science
11:372-390

Edwards RT, D’Amore DV, Biles FE, Fellman JB, Hood EW,
Trubilowicz JW, Floyd WC (2021) Riverine dissolved
organic carbon and freshwater export in the eastern Gulf
of Alaska. Journal of Geophysical Research Biogeo-
sciences 126:2020JG005725

Elliott M, Day JW, Ramachandran R, Wolanski E (2019) A
synthesis: what is the future for coasts, estuaries, deltas
and other transitional habitats in 2050 and beyond? In:
Wolanski E, Day JW, Elliott M, Ramachandran R (eds)
Coasts and estuaries: the future. United Kingdom, Else-
vier, Oxford, pp 1-28

Fastie CL (1995) Causes and ecosystem consequences of
multiple pathways of primary succession at Glacier Bay,
Alaska. Ecology 76:1899-1916

Fry FE (1971) The effect of environmental factors on the phys-
iology of fish. Fish Physiology 6:1-98

Gillanders BM, Able KW, Brown JA, Eggleston DB, Sheri-
dan PF (2003) Evidence of connectivity between juvenile
and adult habitats for mobile marine fauna: an important
component of nurseries. Marine Ecology Progress Series
247:281-295

@ Springer

Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: pro-
cedures and pitfalls in the measurement and comparison
of species richness. Ecology Letters 4(4):379-91

Greene CH, Pershing AJ, Cronin TM, Ceci N (2008) Arctic cli-
mate change and its impacts on the ecology of the North
Atlantic. Ecology 89(11 Supplement):S24-S38

Hill DF, Bruhis N, Calos SE, Arendt A, Beamer J (2015) Spa-
tial and temporal variability of freshwater discharge into
the Gulf of Alaska. J. Geophys. Res. Oceans 120:634-646

Hood E, Berner L (2009) Effects of changing glacial coverage
on the physical and biogeochemical properties of coastal
streams in south-eastern Alaska. Journal of Geophysical
Research: Biogeosciences 114:G03001

Hood E, Scott D (2008) Riverine organic matter and nutri-
ents in southeast Alaska by glacial coverage. Nat Geosci
1:583-587

Houde ED, Rutherford ES (1993) Recent trends in estuarine
fisheries: predictions of fish production and yield. Estu-
aries 16:161-176

Johnson SW, Neff AD, Lindeberg MR (2015) A handy field
guide to the nearshore marine fishes of Alaska. NOAA
Technical Memorandum NMFS-AFSC-293. https://doi.
org/10.7289/V58913T2

Johnson TJ, Cullum AJ, Bennett AF (1993) The thermal
dependence of C-start performance in fish: physiological
versus biophysical effects. American Zoologist 33:65A

Larsen CF, Burgess E, Arendt AA, O’Neel S, Johnson AJ,
Kienholz C (2015) Surface melt dominates Alaska gla-
cier mass balance. Geophys. Res. Lett. 42:5902-5908

Lundstrom NC, Beaudreau AH, Mueter FJ, Konar B (2022)
Environmental drivers of nearshore fish community com-
position and size structure in glacially influenced Gulf
of Alaska estuaries. Estuaries Coasts. https://doi.org/10.
1007/s12237-022-01057-x

Livingston RJ (1976) Diurnal and seasonal fluctuations of
organisms in a North Florida estuary. Estuar Coast Mar
Sci 4:373-400

Mace P (1983) Predator—prey functional responses and pre-
dation by Staghorn Sculpins (Leptocottus armatus) on
Chum Salmon fry (Oncorhynchus keta). Doctoral dis-
sertation. University of British Columbia, Vancouver

McAfee SA, Walsh J, Rupp TS (2013) Statistically downscaled
projections of snow/rain partitioning for Alaska. Hydrol
Process 28:3930-3946

McLusky DS, Elliott M (2004) The Estuarine ecosystem: ecol-
ogy, threats and management. 3rd edn. Oxford: Oxford
University Press, pp 214

Mecklenburg CW, Mecklenburg TA, Thorsteinson LK (2002)
Fishes of Alaska. Bethesda: American Fisheries Society,
pp 1037

Milner AM, Knudsen EE, Soiseth C, Robertson AL, Schell D,
Phillips IT, Magnussen K (2000) Colonization and devel-
opment of stream communities across a 200-year gradient
in Glacier Bay National Park, Alaska, U.S.A. Canadian
Journal of Fisheries and Aquatic Sciences 57:2319-2335

Milner AM, Robertson AL, Monaghan KA, Veal AJ, Flory
EA (2008) Colonization and development of an Alaskan
stream community over 28 years. Front Ecol Environ
6(8):413-419


https://doi.org/10.1093/conphys/coy076
https://doi.org/10.1093/conphys/coy076
https://doi.org/10.7289/V58913T2
https://doi.org/10.7289/V58913T2
https://doi.org/10.1007/s12237-022-01057-x
https://doi.org/10.1007/s12237-022-01057-x

Environ Biol Fish (2022) 105:431-452

451

Milner AM, Robertson AL, Brown LE, Sonderland SH,
McDermott M, Veal AJ (2011) Evolution of a stream
ecosystem in recently deglaciated terrain. Ecology
92(10):1924-1935

Minello TJ, Able KW, Weinstein MP, Hays CG (2003) Salt
marshes as nurseries for nekton: testing hypotheses on
density, growth and survival through meta-analysis.
Marine Ecology Progress Series 246:39-59

Moles A, Norcross B (1995) Sediment preference in juvenile
Pacific flatfishes. Neth J Sea Res 34:177-182

Moore RD, Fleming SW, Menounos B, Wheate R, Fountain A,
Stahl K, Holm K, Jakob M (2009) Glacier change in west-
ern North American: influences on hydrology, geomor-
phic hazards and water quality. Hydrological Processes
23:42-61

Morris RW (1960) Temperature, salinity, and southern limits
of three species of Pacific cottid fishes. Limnol Oceanogr
5:175-179

Nash RDM (1988) The effects of disturbance and severe sea-
sonal fluctuations in environmental conditions on north
temperate shallow-water fish assemblages. Estuar Coast
Shelf Sci 26:123-135

Neilson JD, Geen GH, Bottom D (1985) Estuarine growth of
juvenile chinook salmon (Oncorhynchus tshawytscha) as
inferred from otolith microstructure. Canadian Journal of
Fisheries and Aquatic Science 42:899-908

Nelson JA, Deegan L, Garritt R (2015) Drivers of spatial and
temporal variability in estuarine food webs. Marine Ecol-
ogy Progress Series 533:67-77

NOAA (2020) NWS Forecast Office, Juneau, Alaska. https://
www.weather.gov/ajk/. Accessed 19 Mar 2022

Oksanen JF, Blanchet G, Kindt R, Legendre P, O’Hara RB,
Simpson GL, Solymos P, Stevens MHH, Wagner H (2010)
Vegan: Community Ecology Package. R Package Version
1.17-4. Available from: http://cran.r-project.org. Accessed
19 Mar 2022

O’Neel S, Hood E, Arendt A, Sass L (2014) Assessing stream-
flow sensitivity to variations in glacier mass balance. Cli-
matic Change 123:1-13

O’Neel S, Hood E, Bidlack AL, Fleming SW, Arimitsu ML,
Arendt A, Burgess E, Sergeant CJ, Beaudreau AH, Timm
K, Hayward GD, Reynolds JH, Pyare S (2015) Icefield-to-
ocean linkages across the northern Pacific coastal temper-
ate rainforest ecosystem. BioScience 65:499-512

Pitman KJ, Moore JW, Sloat MR, Beaudreau AH, Bidlack
AL, Brenner RE, Hood EW, Pess GR, Mantua NJ, Mil-
ner AM, Radic V, Reeves GH, Schindler DE, Whited DC
(2020) Glacial retreat and Pacific salmon. BioScience
7(3):220-236

Pess GR, Mantua NJ, Milner AM, Radic V, Reeves GH, Schin-
dler DE, Whited DC (2020) Glacial retreat and Pacific
salmon. Bioscience 7(3):220-236

R Core Team (2019) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/. Accessed 19
Mar 2022

Radi¢ V, Bliss A, Beedlow AC, Hock R, Miles E, Cogley JG
(2013) Regional and global projections of twenty-first
century glacier mass changes in response to climate

scenarios from global climate models. Climate Dynamics
42:1-22

RGI Consortium (2017) Randolph Glacier Inventory — a data-
set of global glacier outlines: version 6.0: technical report,
global land ice measurements from space, Colorado,
USA. Digital Media. https://doi.org/10.7265/N5-RGI-60

Robards MD, Piatt JR, Kettle AB, Abookire AA (1999) Tem-
poral and geographic variation in fish communities
of Lower Cook Inlet, Alaska. Fisheries Bulletin, U.S.
97:962-977

Simmons RK, Quinn TP, Seeb LW, Schindler DE, Hilborn
R (2013) Role of estuarine earing for sockeye salmon
in Alaska (USA). Marine Ecology Progress Series
481:211-223

Sergeant CJ, Falke JA, Bellmore RA, Bellmore RA, Crum-
ley RL (2020) A classification of streamflow patterns
across the coastal Gulf of Alaska. Water Resour Res
56(2):2019WR026127.  https://doi.org/10.1029/2019W
R026127

Sogard SM (1992) Variability in growth rates of juvenile fishes
in different estuarine habitats. Marine Ecology Progress
Series 85:35-53

Speckman SG, Piatt JF, Mintevera C, Parrish J (2005) Paral-
lel structure among environmental gradients and three
trophic levels in a subarctic estuary. Progress in Oceanog-
raphy 66:25-65

Suryan RM, Arimitsu ML, Coletti HA, Hopcroft RR, Linde-
berg MR, Barbeaux SJ, Batten SD, Burt WJ, Bishop MA,
Bodkin JL, Brenner R, Campbell RW, Cushing DA, Dan-
ielson SL, Dorn MW, Drummond B, Esler D, Gelatt T,
Hanselman DH, Hatch SA, Haught S, Holderied K, Iken
K, Irons DB, Kettle AB, Kimmel DG, Konar B, Kuletz
KJ, Laurel BJ, Maniscalco JM, Matkin C, McKinstry
CAE, Monson DH, Moran JR, Olsen D, Palsson WA,
Pegau WS, Piatt JF, Rogers LA, Rojek NA, Schaefer A,
Spies IB, Straley JM, Strom SL, Sweeney KL, Szymkow-
iak M, Weitzman BP, Yasumiishi EM, Zador SG (2021)
Ecosystem response persists after a prolonged marine
heatwave. Sci Rep 11:6235. https://doi.org/10.1038/
s41598-021-83818-5

Takeda Y, Tanaka M (2007) Freshwater adaptation during lar-
val, juvenile and immature periods of starry flounder Plat-
ichthysstellatus, stone flounder Kareiusbicoloratus and
their reciprocal hybrids. J Fish Biol 70:1470-1483

Thorpe JE (1994) Salmonid fishes and the estuarine environ-
ment. Estuaries 17:76-93

Thiel R, Sepiilveda A, Kafemann R, Nellen W (1995) Environ-
mental factors as forces structuring the fish community of
the Elba Estuary. J Fish Biol 46:47-69

USGS (2020) National hydrography dataset. Retrieved from
https://www.usgs.gov/core-science-systems/ngp/national-
hydrography/watershed-boundary-dataset. Accessed 19
Mar 2022

Webb PW (1978) Temperature effects on acceleration of
rainbow trout Salmogairdneri. Journal of the Fisheries
Research Board of Canada 35:1417-1422

Weingartner T, Eisner L, Eckert GL, Danielson S (2009)
Southeast Alaska: oceanographic habitats and linkages.
J Biogeogr 36:387-400

@ Springer


https://www.weather.gov/ajk/
https://www.weather.gov/ajk/
http://cran.r-project.org
https://www.R-project.org/
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.1029/2019WR026127
https://doi.org/10.1029/2019WR026127
https://doi.org/10.1038/s41598-021-83818-5
https://doi.org/10.1038/s41598-021-83818-5
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/watershed-boundary-dataset
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/watershed-boundary-dataset

452

Environ Biol Fish (2022) 105:431-452

Westawski JM, Kendall MA, Wtodarska-Kowalczuk M, Iken
K, Kedra M, Legezynska J, Sejr MK (2011) Climate
change effects on Arctic fjord and coastal macrobenthic
diversity—observations and predictions. Mar Biodiv
41:71-85

Sejr MK (2011) Climate change effects on Arctic fjord and
coastal macrobenthic diversity—observations and predic-
tions. Mar Biodiv 41:71-85

Whitfield AK (1986) Fish community structure response
to major habitat changes within the littoral zone of an
estuarine coastal lake. Environmental Biology of Fishes
17:41-51

Whitfield AK (2016) Biomass and productivity of fishes in
estuaries: a South African case study. Journal of Fish
Biology 89:1917-1930

Whitney EJ, Beaudreau AH, Duncan DH (2017) Spatial and
temporal variation in the diets of Pacific staghorn sculpins
related to hydrological factors in a glacially influenced
estuary. Transactions of the American Fisheries Society
146:1156-1167

Whitney EJ, Beaudreau AH, Howe ER (2018) Using stable
isotopes to assess the contribution of terrestrial and riv-
erine organic matter to diets of nearshore marine consum-
ers in a glacially influenced estuary. Estuaries and Coasts
41:193-205

@ Springer

Wlodarska-Kowalczuk M, Szymelfenig M, Zajaczkowski M
(2007) Dynamic sedimentary environments of an Arctic
glacier-fed river estuary (Adventfjorden, Svalbard). II:
Meio- and macrobenthic fauna. Estuar Coast Shelf Sci
74:274-284

Wood SN (2011) Fast stable restricted maximum likelihood
and marginal likelihood estimation of semiparametric
generalized linear models. J Royal Stat Soc 73(1):3-36

Wood S (2017) Generalized additive models: an introduction
with R, 2nd edn. New York: Chapman and Hall/CRC, pp
496

Yetsko K, Sancho G (2015) The effects of salinity on swim-
ming performance of two estuarine fishes, Fundulus het-
eroclitus and Fundulus majalis. Journal of Fish Biology
86:827-833

Ziemann DA, Conquest LD, Olaizola M, Bienfang PK (1991)
Interannual variability in the spring phytoplankton bloom
in Auke Bay, Alaska. Mar Biol 109:321-334

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.



	Seasonal and interannual variation in high-latitude estuarine fish community structure along a glacial to non-glacial watershed gradient in Southeast Alaska
	Abstract 
	Introduction
	Methods
	Field sampling
	Data preparation and visualization
	Univariate analysis of taxa richness and relative abundance
	Multivariate analysis of community composition

	Results
	Patterns of taxa richness and relative abundance
	Variation in community composition
	Visualization of taxon-specific seasonal patterns

	Discussion
	Seasonal and interannual variation in fish communities
	Differences among intertidal sites along the glacial to non-glacial gradient
	Dominant species in glacially influenced sites

	Conclusions
	Acknowledgements 
	References


