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Abstract

Macroalgae and phytoplankton support the base of highly productive nearshore ecosystems in cold-temperate regions. To
better understand their relative importance to nearshore food webs, this study considered four regions in the northern Gulf
of Alaska where three indicator consumers were collected, filter-feeding mussels (Mytilus trossulus), pelagic-feeding Black
Rockfish (Sebastes melanops), and benthic-feeding Kelp Greenling (Hexagrammos decagrammus). The study objectives were
to (1) estimate the proportional contributions of macroalgal and phytoplankton organic matter using carbon and nitrogen stable
isotopes, (2) determine if macroalgal use affected consumer growth using annual growth rings in shells or otoliths, and (3)
describe changes in organic matter use and growth during the Pacific Marine Heatwave (PMH; 2014-2016) in one consumer,
mussels. Macroalgae were the major organic matter source (>60%) to the diet for all three consumers. The relationships between
macroalgal contribution and growth were neutral for both fish species and significantly positive for mussels. During the PMH,
mussels had a drop (> 10%) in macroalgal contributions and grew 45% less than in other time periods. Simultaneously, the
relationship between macroalgal contribution and mussel growth was strongest during the PMH, explaining 48% variation
compared to 3—-12% before or after the PMH. Collectively, the results suggest that macroalgae is likely more important to cold-
temperate nearshore food webs than phytoplankton. Management actions aimed at conserving and expanding macroalgae are
likely to benefit nearshore food webs under all climate scenarios and especially during marine heatwaves.
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Introduction recreational areas for tourism (Chen and Borges 2009; Johnson

et al. 2010; Evans and Mathis 2013). These services rely on

The nearshore marine environment provides important eco-
system services, including serving as nursery habitats for
commercial, sport, and subsistence fisheries species, acting
as a carbon sink in the global carbon cycle, and providing
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the maintenance of functioning food webs to support energy
flow to higher trophic levels. Temperate and higher-latitude
nearshore systems are often highly productive, with phyto-
plankton, macroalgae, and terrestrial primary production con-
tributing to the base of nearshore food webs (Duggins et al.
1989; Tallis 2009; von Biela et al. 2013, 2016). Understand-
ing the relative importance of these primary producers to
nearshore food webs can inform future ecosystem projections
and contribute to decision-making (e.g., conservation, mari-
culture, human infrastructure development).

Phytoplankton are often regarded as a preferred and
higher quality source of primary production when compared
to alternatives, such as macroalgae (Bracken et al. 2012;
Guo et al. 2016). Macroalgae are considered a less valuable
food source because fresh macroalgae are difficult to digest
due to more complex multicellular structures than single-
celled phytoplankton (Santelices and Correa 1985) and
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secondary metabolites that act in chemical defense against
grazers (Amsler et al. 2005). Those metabolites, however,
are generally lower in North Pacific species, likely because
the ecosystem has very few consumers that graze on fresh
macroalgae (Steinberg 1988; Estes and Steinberg 1988).
Across all macroalgae species, senescence and decomposi-
tion dismantle their complex structure and remove second-
ary metabolites that result in increases to their digestibility
and create labile particulate organic matter (POM) and dis-
solved organic matter (DOM; Valiela et al. 1997; Duggins
and Eckman 1997; Fredriksen 2003). Indeed, detrital path-
ways of decomposed macroalgae are likely the main route
into cold-temperate food webs (Duggins et al. 1989). Moreo-
ver, many long-lived macroalgae also provide a more con-
sistent food input into the nearshore system throughout the
year as compared to short-duration phytoplankton blooms
(Simenstad and Wissmar 1985; Duggins and Eckman 1997;
Renaud et al. 2015).

Climate variations can cause changes in primary pro-
ducers in terms of abundance and altered timing of peak
abundance (Batten et al. 2016; Rogers-Bennett and Catton
2019; Weitzman et al. 2021; Wyatt et al. 2022; Arteaga and
Rousseaux 2023). Such changes in climate and primary pro-
ducers are expected to reverberate throughout the nearshore
ecosystem (Weitzman et al. 2021; Arteaga and Rousseaux
2023). This especially applies to high-latitude systems (e.g.,
Jones and Driscoll 2022) where climate alterations are par-
ticularly pronounced. One of the climate events garnering
recent concern worldwide is the increasing frequency and
magnitude of marine heatwaves (Wernberg et al. 2021) and
their influences on food webs (Piatt et al. 2020; Arimitsu
et al. 2021). Marine heatwaves in coastal systems are driven
by the long-term changes in sea-surface temperature and
increased greenhouse gas emissions that cause strong pertur-
bations to the productivity of coastal systems (Oliver et al.
2019; Marin et al. 2021). For example, the Pacific Marine
Heatwave (PMH; 2014-2016) resulted in severe macroalgal
declines (Rogers-Bennett and Catton 2019; Weitzman et al.
2021) and earlier peak abundance of phytoplankton (Batten
et al. 2016; Wyatt et al. 2022; Arteaga and Rousseaux 2023).
Estimates of the use and value of primary producers to con-
sumers across a range of climatic conditions will improve
understanding of future nearshore food webs.

Consumer growth is a useful performance metric to gain
insight into the relative value of phytoplankton and macroal-
gae to consumers because growth, and potential changes in
growth, may occur due to marine heatwaves. For example, in
mussels (Mytilus spp.), both the quality of the organic matter
source (Grant and Bacher 1998), as well as food quantity
(Smaal and van Stralen 1990), are important determinants
of growth. If phytoplankton were indeed a higher-quality
resource for consumers (Guo et al. 2016), the growth of indi-
viduals should be faster in locations and years with a greater
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reliance on phytoplankton. Growth rates are also depend-
ent on water temperature, another main driver of growth in
marine invertebrates (Hoegh-Guldberg and Pearse 1995).
Warmer temperatures are often associated with higher
growth rates due to increased metabolic rates, given ade-
quate energy sources to sustain growth (Shelley and Johnson
2022). On the other hand, if temperatures exceed the thermal
tolerance of a species, for example during marine heatwaves,
growth rates can decline, as individuals will allocate more
energy towards maintenance or die if temperatures exceed
the lethal threshold (Steeves et al. 2018; Traiger et al. 2022).

Three focal species, representing various feeding strate-
gies and trophic levels, were chosen to determine use of
phytoplankton- and macroalgal-based trophic pathways and
their relationships to growth within the nearshore northern
Gulf of Alaska (NGOA): the filter-feeding Pacific blue mus-
sel (Mytilus trossulus), the mostly pelagic-feeding Black
Rockfish (Sebastes melanops), and the benthic-feeding Kelp
Greenling (Hexagrammos decagrammus). Mussels capture
particles from the water column that they select based on size
and quality (Bayne and Newell 1983). Mussels in the North
Pacific are key trophic links as prey items for upper trophic
levels, such as sea stars, sea otters (Enhydra lutris), sea ducks,
and black oystercatchers (Haematopus bachmani; O’Clair and
O’Clair 1998). Black Rockfish and Kelp Greenling are widely
distributed across the North Pacific, from the Aleutian Islands
to central California, but with locally small home and feeding
ranges of ~ 1 km? (Parker et al. 2007; Love 2011). Black Rock-
fish are generalist, pelagic feeders, consuming small fishes,
zooplankton, and other prey found in coastal waters (<55 m
depth; Brodeur et al. 1987; Love 2011). Kelp Greenling are
benthic feeders that prey on sea cucumbers, crabs, and other
benthic species (Moulton 1977; Love 2011).

Here, we assess contributions of phytoplankton and
macroalgae to the three focal consumers, assess whether
primary producer pathways are associated with differences
in their growth outcomes, and consider if environmental
changes associated with the PMH shifted the contributions
and growth outcomes in mussels. We employed a combination
of stable isotope analysis to trace the two primary production
sources (using carbon and nitrogen ratios; France 1995;
Peterson 1999) and natural annual growth rings in mussel
shells and fish otoliths (Millstein and O’Clair 2001; Black
et al. 2005). Based on previous work showing strong reliance
of many nearshore invertebrate and fish consumers in Alaska
on macroalgal pathways (Duggins and Eckman 1997; von
Biela et al. 2016; Siegert et al. 2022; Schloemer et al. 2023),
we hypothesized that focal species would have higher growth
rates with higher macroalgal contributions to their diets. We
then used the PMH (2014-2016) as a natural experiment to
test the hypothesis that a reduction in macroalgal abundance
during the PMH (Weitzman et al. 2021) would lead to lower
use of the macroalgal pathway in mussels, which, along with
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other abiotic stressors of the heatwave, would result in a
decline in growth rates.

Methods
Sampling Region

Sampling regions in the NGOA were based on current study
locations of the Nearshore Component of the Gulf Watch
Alaska Long-term Monitoring Program. Four study regions
across the NGOA were included: Katmai National Park and
Preserve (KATM), Kachemak Bay (KBAY), Kenai Fjords
National Park (KEFJ), and Western Prince William Sound
(WPWS). In each study region, mussels were collected at
five or six rocky intertidal sites, for a total of 21 study sites
(Fig. 1). Fish were collected in the subtidal environment of
the four study regions.

Sample Collections

We used bulk stable isotope (carbon and nitrogen) analysis
to trace phytoplankton and macroalgal pathways in the con-
sumers. To isotopically characterize the macroalgal organic
matter sources in the food web, samples of the dominant (%
cover, see Iken and Konar 2022 and USGS Alaska Science

Fig.1 Map of Gulf Watch

Center and others 2022 for detailed data) species of red,
green, and brown macroalgae were collected at each inter-
tidal site in the summer (May to August) for most years
from 2014 to 2021 (see Supplementary Material Table S1
for details). Most often, Odonthalia sp. or Neorhodomela
sp. represented red algae, Ulva lactuca represented green
algae, and Alaria marginata or Saccharina latissima, as
well as Fucus distichus, represented brown algae. In addi-
tion, the ten most dominant macroalgal species from each
site, based on percent cover (USGS Alaska Science Center
and others 2022), were collected in the summer of 2021
(including representatives of red, green, and brown algae;
Iken 2024a) to assess stable isotope variability across a
larger range of macroalgal source species (see Supplemen-
tary Materials Table S1). Phytoplankton were sampled as
POM from water samples > 100 m from shore at each sam-
pling site in each year, and 500-1000 mL from each site was
filtered onto Whatman GF/F filters and frozen until further
analysis. POM water samples collected from the intertidal
(2012-2018) were determined to be a mix between phy-
toplankton and macroalgal detritus based on preliminary
analyses and, therefore, could not provide a useful isotopic
value to distinguish primary producers.

For the consumers, ten M. trossulus (from here on called
“mussels” when referring to this study) of an average size
range (20-30 mm) were collected annually between 2014 and

Alaska study sites within four
study regions in the Gulf of
Alaska. Katmai National Park
and Preserve: KATM red
squares, Kachemak Bay: KBAY
purple circles, Kenai Fjords
National Park: KEFJ blue tri-
angles, Western Prince William
Sound: WPWS green diamonds
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2021 by hand at each site in each of the four study regions
(total n=1249). Black Rockfish and Kelp Greenling were
collected on a regional scale rather than by site due to their
mobility and use of larger foraging areas compared to mussels.
Fish were caught in the nearshore by hook and line fishing,
with a maximum of ten individuals per species collected per
region and year (total n=120 for Black Rockfish, total n=108
for Kelp Greenling). Fish collections occurred in 2018, 2019,
and 2021 in all regions (Iken 2024b). All mussel and fish sam-
ples were measured for total length (tip of snout to end of tail
for fish, longest axis of the mussel) before further processing.
The mussel adductor and fish epaxial muscle were sampled
to be analyzed for bulk carbon and nitrogen stable isotopes.

Stable Isotope Analysis

Consumer muscle tissues, algae, and POM filter samples
were dried at 60 °C until constant weight. Consumer tissue
and algal samples were homogenized via manual crushing
and 0.3-0.5 mg was weighed into aluminum tins. POM
filters were acid-fumed for a minimum of 4 h, after which
the surface layer was scraped into tin capsules. Samples in
tin capsules were run through the continuous flow isotope
ratio mass spectrometer (CF-IRMS) at the Alaska Stable
Isotope Facility at the University of Alaska Fairbanks
Water & Environmental Research Center to measure bulk
stable carbon and nitrogen isotopes. The CF-IRMS uses
a Thermo Scientific Flash 2000 elemental analyzer and
Thermo Scientific Conflo IV interfaced with a Thermo
Scientific DeltaVPlus Mass Spectrometer (Breman, Ger-
many). Instrument precision was +0.11%o for both iso-
topes, based on standard deviation from expected values
of replicate standard measurements (n = 159). Results are
reported relative to the international standards of Vienna
Pee Dee Belemnite (V-PDB) for carbon and atmospheric
N, (air) for nitrogen. All results are reported in delta (3)
notation as parts per thousand (%o) difference between
samples and the standard using the equation.

R

5X = - RStandard

x 1000

sample
RStandard

where X is the heavy isotope (1*C or '>N) and R is the ratio

of heavy to light isotope in the sample or standard. The ratio

of carbon and nitrogen concentrations was calculated to

ensure lipid correction was not necessary (C:N < 4; Hoffman
et al. 2015).

Growth Rate Measurements

Growth rate measurements between shell ridges are widely
interpreted and validated as annual growth rates (Millstein
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and O’Clair 2001; Black et al. 2005). To validate that major
shell ridges represent annual growth rings in the mussels
examined in this study, multiple mussels at each site were
tagged with a piece of flat nylon filament (flattened fish-
ing line) positioned at the edge of the mussel shell in the
summer of 2021 (see Supplementary Materials Fig. S1a).
These mussels were then recovered the following summer
(same month as in 2021) and measured for the exact growth
in one year (summer to summer) as the distance of the tag
edge to the new shell edge. Measurements were taken on
the mussel shell surface using electronic calipers (iGaging
Absolute Origin, 6" Origin Digital Caliper) with 0.01 mm
accuracy (Iken 2024b). We compared this tag distance to the
distance between the two most recent surface ridges on the
same mussel shells to determine if it produced a comparable
annual growth index, albeit for 1 year’s growth from win-
ter to winter instead of summer to summer (Supplementary
Materials Fig. Sla). Thus, tagged mussel growth and sur-
face ridge-based growth represented slightly different time
frames and overlapped for about 6 months, but this was una-
voidable because field trips to the remote field sites occur
only in summer. Because of the high correlation between tag
and surface ridge measurement methods (R’=0.82, n=51;
see Supplementary Materials Fig. S2), surface ridges were
then used to measure the annual growth of mussels.

Estimating growth rates from fish otoliths followed methods
described by von Biela et al. (2015). Otoliths were embed-
ded in epoxy and thinly sectioned through the longitudinal
center where all annual growth bands are present. A high-res-
olution digital image of each section was taken using a Leica
M165 C dissecting microscope with a Leica DFC420 camera
attachment and Leica Application Suite (Leica 2020). Annual
growth was measured along the shorter dorsal growth axis
(next to the sulcus) as the width between the outer edge of
the two most recent growth rings for each individual from all
regions (Supplementary Materials Fig. S1b). ImageJ (Schnei-
der et al. 2012) measurements of otolith images were taken to
0.01 pm accuracy based on the calibration slide. Therefore, as
individuals were collected in the summers of 2018, 2019, and
2021, the last complete increments represented growth of the
fishes in 2017, 2018, and 2020, respectively.

To match the source contributions derived from stable
isotope analysis with growth estimates for each species in
a year, only the width of the last complete annual growth
increment was measured from mussel shells and fish otoliths
(Supplementary Materials Fig. S1b). The ongoing annual
growth increment was not measured because it was incom-
plete at the time of summer sampling. Multiple measurements
(3-5) of each last complete growth increment were taken per
individual and averaged, along with standard deviation, for
the final growth value used in statistical analyses. Stand-
ard deviations over a calculated limit were used to indicate
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that a measurement was uncertain and possibly inaccurate.
This standard deviation limit was calculated for each species
as the upper limit for outliers of standard deviation values
(interquartile range X 1.5 +third quartile). The cutoff value
was 0.53 mm for mussels, 0.20 um for Black Rockfish, and
0.15 um for Kelp Greenling. Measurements with larger stand-
ard deviations than those cutoffs were removed.

Temperature Measurements

To track environmental temperatures, HOBO (Onset Comput-
ers) temperature loggers were continuously deployed at the
0.5-m tidal elevation at each site to record the temperature
(°C) every 30 min. Based on time and tide height, each tem-
perature record was noted as being submerged, emerged, or
transitioning. Submerged temperatures were then averaged
for the annual summer season, defined as April through Sep-
tember, for each site and year (USGS Alaska Science Center
and others 2016). Based on annual summer temperature
records, select study years were categorized as being before
(2012-2014), during (2015-2016), or after (2017-2018,
2020-2021) the PMH to be used in comparisons of macroal-
gal diet contributions and growth in mussels (see below).
While 2019 was a warmer-than-average year, it was not part
of the original PMH and was excluded from the analyses.

Data Analyses

Stable isotope mixing models that determine diet contri-
butions from different primary production sources require
the sources to be sufficiently isotopically different to allow
partitioning of these sources. Therefore, macroalgal and
POM carbon stable isotope values were compared using a
t-test (¢ =0.05) by site and by region. Sites without signifi-
cantly different carbon isotope values between macroalgae
and POM were excluded from further analyses as mixing
models would not be able to distinguish the contributions
of these sources to consumer diets. Organic matter con-
tributions from POM and macroalgae to the diet for each
species and site and/or region were then determined using
a Bayesian mixing model, MixSIAR (Stock and Semmens
2016), in R software (R Core Team 2020). The model was
run using what is considered a “long” run with three chains
of length 300,000 with a burn-in of 200,000 and thinning
of 100. Convergence was tested using Geweke (low z-score
for each chain) and Gelman-Rubin (95% of variables < 1.05)
diagnostics. Diet estimates were based on the average POM
and macroalgal stable isotope data for carbon and nitrogen
across all years for each region, along with the standard
deviation and sample size. All consumer stable isotope
data were run separately by species in MixSIAR, with site
and region as nested random factors in the calculations for

mussels and with region as a random factor for the two fish
species. Fish samples were also analyzed with MixSIAR by
sample ID to calculate the individual diet contributions to be
compared to individual growth measurements. This was not
done for mussels, as the individuals used for stable isotope
analysis were often different from the individuals used for
growth rate measurements; hence, mussel calculations and
comparisons were done on the population level at each site
and analyzed by region.

The MixSIAR model was also parameterized with a
trophic discrimination factor (TDF) of 0.4 + 1.3%. for 313¢C
and 3.4 + 1%o for 8'°N (Post 2002; Franga et al. 2011) per
trophic level. Trophic level of each species was calculated as
an input variable for the MixSIAR model following Markel
and Shurin (2015, after Post 2002):

TL =14 (3"N, = [6"°Npoy X & + 6P Nyy x (1 — 2)])/A,

where TL is the trophic level, §'°N_ is the average stable
nitrogen isotope value of the consumer, §'°Npq,, is the
average stable nitrogen isotope value of POM, 8'°N,,, is the
average stable nitrogen isotope value of macroalgae, and A |
is the TDF of 3.4%o. The a variable is calculated as follows:

_ 513Cc _ 513CMA
61 Cpop — 617 Cyip

a

with 8'3C_ being the average stable carbon isotope value of
the consumer, 8'3Cy,, is the average stable carbon isotope
value of macroalgae, and 8'3Cp,, is the average stable car-
bon isotope value of POM. MixSIAR incorporates uncer-
tainty in TDFs into relative source contribution calculations
using Bayesian methods.

In accordance with our hypothesis, we chose to report
the proportional contribution of macroalgae to the respec-
tive consumer diets, with the understanding that the POM
contribution is the remaining proportion. To evaluate differ-
ences in macroalgal contributions by sites and/or regions, we
calculated the probability that consumers at one site/region
had greater macroalgal contributions than at another site/
region using the package R2Jags (Su and Yajima 2015). The
site/region with the larger average value was placed on the
greater side of the test, so only one test was needed for each
comparison and all probabilities were over 0.50. We con-
sidered probabilities over 0.95 as ecologically meaningful.

Linear regression analysis between individual body size
and growth rate was used to produce standardized residuals
and corrected growth rates for the individual size variations
for mussels and both fish species. Stable isotope turnover time
in muscle tissue of mussels and fish living in cold water is on
the order of multiple months (McKinney et al. 2001; Perga
and Gerdeaux 2005; Hill and McQuaid 2009; Weidel et al.
2011). This period of isotopic integration allowed us to align
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isotope values of consumers with the measured growth period.
A linear mixed model then related growth rate residuals to
macroalgal diet contribution for each species and region
(=0.05). In addition, for mussels, diet and growth from three
regions (KATM, KEFJ, WPWS, based on data availability)
were categorized as being before (2014), during (2016), or
after (2021) the PMH. These years were chosen because they
had the largest datasets available. The PMH was first noticed
in late 2014 after the majority of the summer growth had
occurred, such that 2015 is considered the first PMH year, in
accordance with other Gulf of Alaska biological studies (von
Biela et al. 2019; Piatt et al. 2020; Danielson et al. 2022).
Macroalgal diet contributions and growth rates were then
compared among these time periods to determine differences
in both metrics in relation to the PMH (one-way ANOVA,
a=0.05, with Tukey HSD). Linear relationships between
macroalgal diet contribution and growth rate residuals were
analyzed by time category in relation to the PMH (a@=0.05).
All statistical analyses were performed using the R Stats
Package in R (R Core Team 2020).

Table 1 Macroalgal contribution to the diet of mussels by region and
site for all years sampled. The macroalgal contributions are the per-
centage of contribution to the organic matter of each species with the
remaining portion of that percentage being POM contribution. Over-
all values are the macroalgal contribution when the mixing model
was run with source and consumer data from all years combined.

Results

Contributions of Phytoplankton-
and Macroalgal-Based Pathways to Diet

The carbon stable isotope values of the extensive collec-
tions of macroalgal species from 2021 were similar within
the same group (i.e., red, green, or brown algae) so that the
reduced number of macroalgal species collected in other
years was considered representative of the macroalgal
sources in general (Supplementary Materials Table S1).
At the site level, macroalgal 8'3C values were significantly
higher relative to POM at nearly all sites (z-test, all #>3.086,
all p <0.05), except for Bishop’s Beach (#-test, r=2.335,
p=0.100) and Bluff Point (z-test, 1=2.827, p=0.087) in
the KBAY region. Therefore, sources could not be sepa-
rated at these two sites, and they were removed from fur-
ther analyses. Across all regions, macroalgal 8'*C values
ranged from — 32 to — 12%o, whereas POM 813C values
ranged more narrowly from — 25 to —20%o, with significant

Years considered warmer than average are highlighted in gray, includ-
ing the heat spike year in 2019, which was excluded from analyses.
Dashes (-) mark sites/regions that were not sampled in that year.
Samples are from 2012 to 2021. Katmai National Park and Preserve:
KATM, Kachemak Bay: KBAY, Kenai Fjords National Park: KEF]J,
Western Prince William Sound: WPWS

Species Region Site 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Overall
Mussels KATM 70.4 94.9 723 79.7 69.1 92.4 74.1 71.4 - 81.6 82.1
Amalik  77.1 96.3 78.7 85.2 76.4 95.0 81.8 78.7 - 86.4 87.7
Kaflia  72.9 95.4 74.6 82.1 72.0 93.9 78.2 74.6 - 83.5 84.9
Kinak ~ 70.3 94.9 72.2 - 69.4 93.2 76.0 72.2 - 81.7 84.3
Kukak  58.2 91.7 60.2 70.4 57.0 89.2 65.0 60.3 - 72.5 73.2
Takli  71.5 95.1 73.3 - 70.6 934 76.9 73.3 - 82.6 824
KBAY - - - - - 64.9 69.2 62.7 79.2 79.4 68.2
Cohen Island - - - - - 88.8 78.6 67.0 81.5 62.9 77.3
Elephant Island - - - - - 90.9 82.4 72.1 84.8 68.4 78.0
Outside Beach - - - - - 89.6 80.0 68.8 82.8 64.8 75.5
Port Graham - - - - - 89.1 79.1 67.6 82.0 63.6 72.5
KEFJ 62.1 - 61.6 47.9 56.1 87.2 71.3 58.5 - 74.4 75.5
Aialik  52.8 - - 39.1 46.8 78.6 61.1 49.1 - 63.4 69.9
HarrisBay 57.0 - 55.2 43.2 51.0 81.3 65.1 53.3 - 67.2 74.5
McCarty Fjord  62.9 - 61.2 49.3 57.2 84.7 70.4 59.4 - 72.4 79.8
Nuka Bay 51.8 - 49.9 38.0 45.7 77.9 60.1 48.0 - - 66.2
Nuka Pass  65.6 - 64.0 52.4 60.1 86.2 72.9 62.2 - 74.7 83.0
WPWS 86.1 - 70.2 63.1 67.5 84.5 72.7 65.6 71.8 71.9 83.9
Herring Bay  83.5 - 64.2 58.7 61.6 80.4 67.6 59.9 66.5 66.0 79.7
Hogan Bay 88.2 - 72.7 67.9 70.5 85.8 75.6 69.0 75.7 74.2 88.3
lktua Bay  88.8 - 74.0 - 71.8 86.6 76.8 70.4 75.9 75.5 90.2
Johnson Bay  86.9 - 70.3 65.2 67.9 84.3 73.4 66.4 72.4 71.9 85.9
Whale Bay 82.8 - 63.0 57.4 60.4 79.6 66.5 58.7 65.4 - 78.4
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Table 2 Macroalgal contribution to the diet of Black Rockfish and
Kelp Greenling by region for all years sampled. The macroalgal
contributions are the percentage of contribution to the organic mat-
ter of each species with the remaining portion of that percentage
being POM contribution. Overall values are the macroalgal contribu-
tion when the mixing model was run with source and consumer data

from all years combined. Years considered warmer than average are
highlighted in gray, including the heatwave year in 2019, which was
excluded from analyses. Katmai National Park and Preserve: KATM,
Kachemak Bay: KBAY, Kenai Fjords National Park: KEFJ, Western
Prince William Sound: WPWS

Species Region 2018 2019 2021  Overall

Black Rockfish KATM 61.7 656 62.9 65.7
KBAY 51.6 654 703 58.7
KEF)J 63.7 55.7 753 77.0
WPWS 81.8 66.6 77.2 77.5

Kelp Greenling KATM 84.2 89.3 939 91.6
KBAY 713 754 77.7 68.3
KEF)J 91.6 926 922 934
WPWS 92.1 86.4 95.0 93.6

differences between the two sources in all four regions
(z-test, all t>9.434, all p <0.001 for each region; Supple-
mentary Materials Table S1). With macroalgal average 8'°C
values being higher than POM average 8'*C in each region,
we interpreted that consumers with higher 8'°C values used
more of the macroalgal-based pathway compared to consum-
ers with lower 8'°C values.

Based on MixSIAR mixing model results, macroalgae
were the main organic matter source contributor, always above
50%, to the diet of mussels, Black Rockfish, and Kelp Green-
ling across all regions when all sampling years were combined
(Tables 1 and 2; Fig. 2). In KATM mussels, average macroalgal
contribution by site ranged from 73 to 88% (Table 1). Macroal-
gal contributions to mussels in the KBAY region were similar
among sites (73-78%). In the KEFJ region, macroalgal contri-
butions by site ranged from 66 to 83% (Table 1). In WPWS,
macroalgal contributions to mussels at two sites (78-80%)
were lower than the three other sites (86-90%, Table 1). When
macroalgal contributions to all consumer diets were compared
among regions, contributions were similar (Table 3), although
the KBAY region appeared to have consistently lower macroal-
gal contributions than other regions in all consumers (Fig. 2;
Table 3). With all regions combined, Black Rockfish had an
average macroalgal contribution of around 70%, while Kelp
Greenling had a higher average macroalgal contribution of 87%.

The Effect of Source Contributions on Growth
Performance

Mussel residual growth was significantly positively correlated
with macroalgal contribution to their diet when data were com-
bined across all sites, years, and regions (linear model, n=45,
R?>=0.27, p<0.001; Table 4). When analyzed by individual
regions, however, mussels in KATM were the only ones where
macroalgal contribution was significantly positively correlated

with growth (linear model, n=14, R*=0.29, p=0.048). Mus-
sel growth was significantly different among regions (one-way
ANOVA, n=46, Fg, 42)=3.897, p=0.015; Table 5), with sig-
nificantly higher growth in KBAY and WPWS than in KEFJ
(Tukey HSD, p <0.05; Table 5).

For Black Rockfish, there was no significant relation-
ship between macroalgal contribution to the diet and growth
when analyzed across all regions (linear model, n =106,
R?>=0.0009, p=0.755; Table 4). In individual regions, only
Black Rockfish in KBAY grew significantly faster in years
with higher macroalgal contributions to the diet (linear
model, n=27, R*=0.4, p<0.001). Growth was significantly
different among regions, independent of macroalgal diet
contribution (one-way ANOVA, n=106, F(3’ 102)= 5.266,
p=0.002; Table 6), with higher growth in KATM than
KEFJ or WPWS (Tukey HSD, p <0.03 for both compari-
sons; Table 6). Kelp Greenling growth was not significantly
related to macroalgal contribution when all regions were
combined (linear model, n="75, R?>=0.028, p=0.297) or in
any of the regions individually (linear model, p >0.05 for all
regions; Table 4). Region alone, independent of macroalgal
contribution, also had no significant relationship with Kelp
Greenling growth (one-way ANOVA, n=75, F, G.7)= 1.546,
p=0.210; Table 6).

Mussel Diet and Growth in Relation to the Pacific
Marine Heatwave

The average summer water temperature was warmest for each
region in 2016 and 2019 and coolest in 2013, although these
differences were not significant (one-way ANOVA, n=40,
F9 30=2.019, p=0.072; Fig. 3). The average temperature dur-
ing the peak of the heatwave in 2016 was about 1 °C warmer
than the average temperatures across all years sampled for
each of the regions (excluding 2019, which was not part of the
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Fig.2 Macroalgal contribution
(%) to the diet of mussels, Black

Mussels

Rockfish, and Kelp Greenling 100 a a
in four regions in the north- a
ern Gulf of Alaska. Within
boxplots, the box contains the 801 % ,—%
25th to 75th percentiles with the I—'—l |—""—|
center line representing the 50th 604
percentile (median). The aster-
isk marks the mean and whisk- [~ 77777 ===~~~ ==¥==¥=¥=¥=¥~*¥~"=¥*¥*¥¥~¥*¥¥*¥7¥~*"¥=~”=¥=7¥°°7
ers reach out to the 2.5th and 40 n=335 n=192 n=352 n=370
97.5th percentiles. The same KATM KBAY KEFJ WPWS
letters above boxplots indicate ’\3
significant groupings (p <0.05) < Black Rockfish
by region within each species. S
Sample sizes (n) are given for 1001 !
each region. The horizontal dot- _3 2 |
ted line is for orientation at 50% 'E 801 Y & | | - — |
macroalgal contribution. Katmai o [ * ] : ]
National Park and Preserve: O :ﬁ [—‘—| I l
KATM, Kachemak Bay: KBAY, © 60 | ¥
Kenai Fjords National Park: % _______________ 1 __________________________
KEFJ, Western Prince William o 40- n=30 n=30 n=30 n=30
Sound: WPWS . T \ T T
= KATM KBAY KEFJ WPWS
Kelp Greenling
a a a a
1001 —=——— ' T T
801 *
601
401 n =30 n=27 n =30 n=21
KATM KBAY KEFJ WPWS
Region
original heatwave). In addition, there was a significant differ- Discussion

ence in average temperatures among regions (Table 7; one-
way ANOVA, n=40, F5 35=8.089, p=0.0003), with WPWS
having significantly warmer long-term average temperatures
than KATM and KBAY (Tukey HSD, p=0.022 for KATM,
p=0.0002 for KBAY).

During the PMH (2015-2016), macroalgal contribution to
mussel diet combined for all regions was significantly lower
than after the PMH (2017-2018, 2020-2021; Tukey HSD,
p=0.042; Fig. 4, Table 8) and was intermediate (but not signif-
icantly different) for the period before the PMH (2012-2014).
Similarly, mussel growth was significantly different before,
during, and after the PMH for all regions for which these
long-term data were available (one-way ANOVA, n=386,
F 5, 383y=95.36, p<0.001; Fig. 4). Mussel growth was low-
est during the PMH (2016) and highest after the PMH (2021;
Table 8). Macroalgal contribution did not relate to growth
before or after the PMH (linear model, n=41, p=0.581 before
PMH, p=0.277 after PMH) but was a significant predictor of
growth during the PMH (linear model, p =0.004; Table 4).

@ Springer

Consumers in the NGOA nearshore ecosystem sourced the
majority of their organic matter from macroalgal-based
trophic pathways, which challenges the common view
that globally, phytoplankton is the main organic matter
source for coastal consumers. This macroalgal importance
observed in our study could even be spatially more exten-
sive, as macroalgal detritus may reach coastal areas tens of
kilometers away from algal stands because detritus is car-
ried by winds and currents (Kaehler et al. 2006) and provide
a diet subsidy to offshore or deeper regions (Britton-Sim-
mons et al. 2009; Krumhansl and Scheibling 2012; Renaud
et al. 2015). Growth outcomes suggested that a high pro-
portional reliance on macroalgae either had no effect or was
beneficial for consumers. This result implies that the quality
of macroalgal matter may not be lower than phytoplank-
ton (Dethier et al. 2014; Guo et al. 2016). The PMH was
associated with both overall lower macroalgal contributions
and lower growth rates of mussels, but the relationship of
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Table 3 Probability that mussels, Black Rockfish, or Kelp Greenling
at one region had higher macroalgal contributions, with probabili-
ties greater than 0.95 considered ecologically meaningful. Katmai
National Park and Preserve: KATM, Kachemak Bay: KBAY, Kenai
Fjords National Park: KEFJ, Western Prince William Sound: WPWS

Species Pairwise comparison Probability
Mussels KATM >KBAY 0.89
KATM > KEFJ 0.76
WPWS >KATM 0.59
KEFJ >KBAY 0.77
WPWS >KBAY 0.92
WPWS > KEFJ 0.83
Black Rockfish KATM >KBAY 0.68
KEFJ >KATM 0.86
WPWS >KATM 0.87
KEFJ >KBAY 0.94
WPWS >KBAY 0.94
WPWS > KEFJ 0.53
Kelp Greenling KATM >KBAY 0.82
KEFJ >KATM 0.60
WPWS >KATM 0.57
KEFJ >KBAY 0.85
WPWS >KBAY 0.85
KEFJ > WPWS 0.53

Table 4 Growth increment residuals as a function of macroalgal con-
tribution for mussels, Black Rockfish, and Kelp Greenling by region
and mussels by time relative to the Pacific Marine Heatwave (PMH).
Each mussel data point represented a specific site and year. Fish data
points are individual fish from all regions analyzed together (Iken
2024b). Linear regression equations (Equation), coefficient of deter-

macroalgal contribution to growth in mussels was stronger
during the PMH. This indicates that while climate events
can result in changes to key lower trophic levels, consum-
ers can be partially buffered from such climate effects by
utilizing both macroalgal and phytoplankton organic matter.

Contributions of Phytoplankton-
and Macroalgal-Based Pathways to Diet

The diet of mussels, Black Rockfish, and Kelp Greenling
across all sites and regions in this study was overwhelmingly
dominated by the macroalgal-based pathway. High reliance
on the macroalgal pathway seems to be relatively common
for northern high latitudes, with multiple studies finding many
invertebrates (including mussels) and fishes deriving organic
matter from macroalgae (Duggins and Eckman 1997; Fredrik-
sen 2003; Renaud et al. 2015; von Biela et al. 2016; Siegert
et al. 2022; Schloemer et al. 2023). High macroalgal reliance
may be driven by availability at locations with high macroal-
gal biomass and diversity, such as in our study regions in the
NGOA (Konar et al. 2010). It is also possible that the mac-
roalgal-based pathways are prominently used in the NGOA
because of the strong seasonality of phytoplankton, which is
particularly pronounced in high-latitude systems because of
winter light limitations and storms (Childers et al. 2005). Our

mination (Rz), p values (bolded where significant), and sample sizes
(n) are provided for each region and/or year. Overall results are from
all regions analyzed together for each species. Katmai National Park
and Preserve: KATM, Kachemak Bay: KBAY, Kenai Fjords National
Park: KEFJ, Western Prince William Sound: WPWS. PMH time peri-
ods are 2014: Before, 2016: During, and 2021: After

Species Region/time period  Equation R? p value n
Mussels KATM —2.4+0.033x 0.29 0.048 14
KBAY —-4.2+0.071x 0.36 0.403 4
KEFJ —1.5+0.020x 0.25 0.082 13
WPWS —3.6+0.054x 0.24 0.073 14
Overall —2.0+0.029x 0.27 <0.001 45
Before —0.3+0.004x 0.03 0.581 14
During —-1.4+0.016x 0.48 0.004 14
After —1.7+0.029x 0.12 0.277 12
Black Rockfish KATM -0.5+0.011x 0.07 0.186 28
KBAY —2.6+0.034x 0.4 <0.001 27
KEFJ 0.2—-0.004x 0.01 0.648 28
WPWS 1.5-0.025x 0.33 0.333 23
Overall —0.1+0.001x <0.01 0.755 106
Kelp Greenling KATM -0.9+0.011x 0.01 0.616 22
KBAY 0.1-0.002x <0.01 0.746 16
KEFJ 1.2-0.014x 0.03 0.475 18
WPWS 1.5-0.019x 0.03 0.475 19
Overall 1.0-0.012x 0.03 0.297 75

@ Springer



Estuaries and Coasts (2024) 47:1579-1597

1588

8€0°0 SMdM [T 0€6'0 SMdM-INLV
280 SMdM-AVEA ¥r1°0 [AIA-INLV
SP0°0 HIN-AVET 6850 AVEI-INLVA
anpea d uostredwod asimIreq onfea d uostredwod asimIreq
- - - - - L 6£0 LOT ¥8CT TLI 0T1 650 6¥'C IS¢ 9’1 Ked oreym
8 TET TS6 €9¢l €59 ¢l Tt 8ST  SLv W'l 6 9¢'1 LY'¢ 809 €e'C Keg uosuyor
0ol 85+ LS8 LI'ST L¥T 8 S0 S6'1 TLT LI 6 LT'1 69°¢ 0Z'9 6L'1 Keg enyyy
6 06¢ 188 0OL¥1  0LT 8 8¥0 L6'1T €9CT 6C1 8 o'l S 4 98°S 6L'1 Aeq ueSoy
L ¥€T 9L9 LvOl €6'¢ 6 620 I1'C TFCc 0S'1 01 0’1 9¢’¢ SAY 09'1 Aeq Surioy
ve ¢S 8¥'8 LIS LY'C vy CL0  8I'C SLY  C0'1 514 8C'1 1v'€ 0T'9 09'1 SMdM
o ¥90 ¥8C ¢L'e 081 or S0 ¢S91 00T ¢T1 oI ¥6'0 65T LLY LS'T ssed BYNN
or 011 20 00S 061 or  I¥0 8¥I 90C ¥60 0l or'1 ¥8°C 8T'S vl feg eynN
or L8] ¢6'Cc €99 €Tl or €90 161 Tg€e ¢I'l C 8%l Sr'L 0T'8 01'9 proly KireDoN
0T 681 €6'c ev’L  OI'l 8 ¥£0 €91 ¢€I'c 0Tl oIl IS4 (1) 4 Y3 LL'T feq stey
o1 0S'1 89°¢ €19 €91 8 6V0 8¢l €€T 680 - - - - - ey
(ISES A | 80'¢c ¢¥L OI'I 9% 9¥0 9T TEE 680 [4% 'l 68'C 0’8 YTl JEGDI
01  #SCT 98¢ ¢¥11 LY'E - - - - - - - - - - weyeIn 1104
6 ofl S6'c  L6S L9 - - - - - - - - - - yoeag apIsino
0T  9ST L¥'9 LOOT LY'E - - - - - - - - - - pue[s] 1eydarg
01 6LT 6Ty ¢€L'S LLI - - - - - - - - - - pue[s[ uayon
6  SST LIS €¥11 L9'1 - - - - - - - - - - AVEA
8 €T 88¥% L6 L8] 6 L¥O €81 TFrc STl 0T €80 0S¢ 197 a4 IPeL
or  ¢I'c LL9 066 LLEC L SOT 99T 19% SL'1 0T €60 ¥6'C Ly 891 yeqny
6 Tre €89 QI &v'C or 8I'l  10C ¥CS LOI 0T 8¢'1 1Ty 60°L ¥0'C eursy
0I  0SCT 688 L6'TI [N % 8 10T LLT S9L T91 0T Lo [45%¢ 06'¢ 6¢'1 elgey]
- - - - - I 6¥0 OI'c SI'e  O9I'l 6 1€1 9¢'¢ 8C°C eL'1 ey
LE 16T ¥6'9 L6TI LS’ 8 II'T  ¢€TT S9L LO'T 6 171 0g'e 60°L 6¢'1 WLV S[essnN
u dsS UedN  Xe]N U u dS UBSN XBN  UIN u ds  uesy XeIN Uty
120C 910T 10T alIs oISy sarvadg

SMdM :PUNOS WA\ SIULI UIAISOM ‘[HY Ied [euoneN spioly reussy ‘Xvay :Aeq
Yewayoey ‘ALY :9AI19S21d Pue YIed [eUONEN Teuney] ‘1707 PUe ‘910g ‘4107 wolj are sojdwes ‘paploq s1 y3mo1s 1oyS1y yiim uoISar ay) JuaIoip APueoyrusis usyay ‘ploq ul sanfea d juedyiu
-31s yum ‘s1s9) (QSH) 20U JUBOYIUSIS 1SOUOH An], uo paseq are sonfea d *(u) sozis o[dwes pue ((S) UONRIAIP pIepue)s oy} Yim Suofe pariodal aIe SJUSWIOUT (IMOIS UBIW pue ‘wnul
-IXBW ‘WNWIUIA “(qQHZ07 UN]) PAUIquod sIedA [[e 10J uoidal Aq yimoi3 jo suostredwod asimired pue siedak pojdwes [[e sSOI0B UOISI pue 9IS AQ S[asSNU JOJ (W) SJUSWIAIUL IMOID) G d|qel

pringer

AQs



1589

Estuaries and Coasts (2024) 47:1579-1597

1850 SMdM—(49 9L8°0 SMdM-INLV
€860 SMdM—AVEN 9LT°0 HEN-INLVIL
£€6¢€°0 [AIA-AVEA L86°0 AVEI-INLVA
anfea d uostredwos asimiIreq anpea d uostredwod asimired
L LTO IS0 €L0 20 8 CI'0 S¥0 ¥LO S€0 14 600 I+¥0 1670 1€°0 SMdM
¢ 0I'o Lv¥O0 850 T€0 8 900 ¢¥0 TS0 +€0 6 7o ¥S0 690 6€£0 [EG)
8 ¥I'0 IS0 080 €S€0 S LOO €£€0 ¥¥0 970 € y1'0  S€0  €¥0 61°0 AvaA
6 II'0 80 ¥90 TE€O0 9 LOO 8€0 0SS0 0¢0 L 0oro 1€0 990 170 INLVA Surquearn djoy
u ds UuedlN  Xe]N U u ds UueoN  Xe]N  UIA u ds ueoN  XeN Ut
120C 610 810C uorsoy soroadg
7890 SMdM—[49A 100°0 SMdM-INLVI
89¢°0 SMdM—AVEI 820°0 HE-INLVI
916°0 [AIA-AVEA L11°0 AVEA-INLVI
anpea d uostredwod asimireq anpea d uostredwod asimiIreq
8 <TI0 190 T80 1I¥O0 9 LT'O 180 60 L¥O 6 61'0 ¥L0 ¥0'1 IS4 SMdM
or SI'0  LLO 660 SSO 6 ¥I'0 6L0 L60 670 6 61'0 IL0 001 ceo JEGHI
6 610 6L0 LOT €SSO 0or 910 880 <CI'T +90 8 61'0 LLO 801 8S°0 AVEA
0or  €€0 ¢T60 891 950 6 ¢€I'0 L80 0T 650 6 yeo SOl €L 90 INLVA USyo0y oe[g
u dsS Ued]N XN UIN u dS UedN  Xe]N U u ds UuesNy  XeN Uty
120T 610C 810C uorsay sarvadg

SMdM :PUNOS WRI[IA 30ULL WISISIM ‘[T Hed [PUONEN SPIOf] reuay ‘AvEy :Aeq Yewosyoey NIV

10ATISQIJ PUR NIed [euoneN reunes] "[z0g PUe ‘6107 ‘810 woij are sojdwes ‘pap[oq sI ImoId JoySiy (s uolSar oy) JuaIoyIp Apuedyrusis Usyp ‘poq ul sonjea d juedyruSis yim ‘siso)
(ASH) 29uaI1olI( WLOYIUSIS 1SOUOH AN, Uo paseq are sanjea d “(u) sazis o[dwes pue (JS) UONLBIAIDP pIepueIs oyl Yim Suofe paliodal ore SJUSWAIOUT IMOI3 UBW PUB ‘WINWIXEW ‘WNWIUTIA
(QHZ0T U]) pauIquod sIedk [[e Joj uoidar Aq ymoi3 jo suostredwod asimired pue sreak ojdwes [[e sso1de uor3ar Aq Surjuaain) djoy] pue ysyxo0y Joeld Ioj (wrl) sjudwaIoul yimoln 9 ajqelr

pringer

As



1590

Estuaries and Coasts (2024) 47:1579-1597

Fig.3 Average summer (April
to September) water tem-
peratures (°C) by year (USGS
Alaska Science Center and
others 2016). Colors and shapes
are for each region. Horizontal
dashed lines are the average
across all years for each region.
Years considered affected by
the Pacific Marine Heatwave
(PMH) and the heat spike year
2019 (not included in analyses)
are highlighted in gray. Katmai
National Park and Preserve:
KATM red squares, Kachemak
Bay: KBAY purple circles, 6
Kenai Fjords National Park:
KEF]J blue triangles, Western
Prince William Sound: WPWS

14

-
N

b

o]

Temperature (°C)

Region

& KATM
@® KBAY
A

= KEFJ
% WPWS

green diamonds

2012 2013 2014

results for mussels differ from those of Mytilus californianus
in Oregon, which relied heavily on a phytoplankton-based
pathway, responding to variations in phytoplankton avail-
ability and quality (Bracken et al. 2012). While macroalgal
abundance and diversity along the Oregon coast are also high
(e.g., Bracken and Nielsen 2004), the difference compared to
our study may be related to the reduced seasonality, and thus
more continuous availability of phytoplankton in the lower-
latitude system (e.g., Du and Peterson 2014).

For consumers to be responsive to variable energy input
from multiple trophic pathways, they have to be able to exhibit
trophic flexibility (Bridier et al. 2021; Timmerman et al.
2021). Flexibility to use multiple pathways seems especially
common in coastal systems (Kopp et al. 2015; Siegert et al.
2022). Flexible feeding on various primary producer sources
is particularly important for lower trophic level consumers
that feed directly on these resources, rather than upper trophic

Table 7 Regional comparison

Pairwise comparison p value
of average summer water

temperatures (USGS Alaska KATM—KBAY 0.362
Science Center and others KATM_KEF] 0.449
2016). p values are based on

Tukey Honest Significant KATM-WPWS 0.022
Difference tests. When KBAY-KEFJ 0.016
significantly different (bold KBAY-WPWS <0.001
p value), the region with the KEFI-WPWS 0.426

higher temperature is bolded.
Samples are from 2012 to 2021.
Katmai National Park and
Preserve: KATM, Kachemak
Bay: KBAY, Kenai Fjords
National Park: KEFJ, and
Western Prince William Sound:
WPWS

@ Springer

2015

2016 2017 2018 2020 2021

Year

2019

levels that integrate trophic pathways from various basal
resources through their intermediate prey. In the NGOA, inter-
tidal mussels are an example of such trophic flexibility, being
able to use both phytoplankton- and macroalgal-derived path-
ways, depending on environmental conditions and resource
availability (Siegert et al. 2022). This could allow mussels
to respond to changes in the availability of these resources
due to seasonal or climatic variation, such as low macroal-
gal abundance during marine heatwaves (Roman et al. 2020;
Weitzman et al. 2021) or from combined pressures, such as
warming and acidification (Gao et al. 2021). Similar results
have been seen in both Black Rockfish and Kelp Greenling,
with those individuals at locations with limited phytoplank-
ton availability relying more on the kelp-derived carbon path-
way (von Biela et al. 2016). However, with these fish species
being more generalist feeders and consuming prey at multiple
trophic levels, rather than directly feeding on primary produc-
ers, their pathway use depends largely on the resource use of
their various prey species. The prominence of the macroal-
gal pathway in both fish species in our study suggests that
the dominant use of this pathway is widespread across lower
trophic level consumers in the system and is not limited to pri-
mary consumers like mussels studied here specifically. This
is especially true for Kelp Greenling, which consume mostly
prey that are part of benthic food webs that are more prone
to very high macroalgal organic matter contributions, either
through direct grazing or detrital material (Fredriksen 2003;
Renaud et al. 2015). The prominence of macroalgal organic
matter in the more pelagic-feeding Black Rockfish was less
expected, although previous work in the region suggested
similar patterns (von Biela et al. 2016). The high percentage
of macroalgal contribution to Black Rockfish could suggest
that macroalgal organic matter efficiently enters pelagic food
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Fig.4 Macroalgal contribution
to the diet of mussels and their
growth increment residu-

als in relation to the Pacific
Marine Heatwave (PMH). The
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(median). The asterisk marks
the mean and whiskers reach
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above the time periods indicate

[«2]
o
L

Macroalgal Contribution (%)
g
BE

significant groupings (p <0.05). Before
Sample sizes (n) for macroalgal

contributions are the number

Dur'mg Af{er
Time Relative to PMH

of regions and years for each
time period. Sample sizes (n)
for growth increment residu-

als are the number of mussels
measured. PMH time periods
for macroalgal contributions are
2012-2014: Before, 2015-2016:

b
L

During, and 2017-2018 and

o
*

2020-2021: After

-k
L

Growth Increment Residuals

n=127

— -

n=138 n=121

2014

webs through “reversed” coupling (the uptake of macroal-
gal detritus by zooplankton to pass into pelagic food webs;
McManus et al. 2004; Feehan et al. 2018).

While macroalgal contributions to consumer diets were
high in all focal species and regions, there were some site-
specific differences in contributions to mussels, which may
be related to environmental factors. One of these factors
could be freshwater influence from river or glacial discharge,
which has also been determined as a major driver of mussel

Table 8 Pairwise comparison of mussel macroalgal contributions and
growth increment residuals in relation to the Pacific Marine Heatwave
(PMH). p values are based on Tukey Honest Significant Difference
(HSD) tests, with significant p values in bold. When significantly dif-
ferent, the higher time period is bolded. Sample sizes per time period
and years are the same as in Fig. 4. PMH time periods for macroalgal
contributions are 2012-2014: Before, 2015-2016: During, and 2017—
2018 and 2020-2021: After

Metric Pairwise comparison p value
Macroalgal contribution Before-During 0.239
Before—After 0914

During—After 0.042

Growth increment residuals 2014-2016 <0.001
2014-2021 <0.001

2016-2021 <0.001

2016 2021
Year

demographics (LaBarre et al. 2023). For example, mussels
at Kukak (KATM) and Whale Bay (WPWS) had signifi-
cantly lower macroalgal contributions than at the rest of the
sites in their respective regions. Kukak is glacially influ-
enced with five glacial rivers feeding into the bay (Hildreth
et al. 1999). The Whale Bay site is near glacial input both
from the Whale Bay watershed and from glacial water from
nearby Icy Bay (Gay and Vaughan 2001). Glacial runoff
can carry high amounts of terrestrially-derived nutrients, as
well as highly labile terrestrial DOM (Fellman et al. 2010).
We did not include terrestrial matter in our mixing model,
so that potential terrestrial matter uptake based on stable
isotope data would have been attributed to a higher propor-
tion of phytoplankton in our study. However, a recent study
of organic matter sources in glacially-influenced estuaries
for lower trophic level consumers in the KBAY study region
indicated that terrestrial matter was not a significant food
source for mussels in this system (Schloemer et al. 2023).

The Effect of Source Contributions
on Growth Performance

We hypothesized that higher reliance on the macroalgal-
based pathway would promote higher growth in the three
focal species due to macroalgae being a more consistent food
source. In contrast, we observed only a moderate increase in

@ Springer
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growth with higher macroalgal-contributions to the diet in
mussels across all sites and regions and no effect across all
regions in either fish species. It should be noted, however,
that proportional contributions are not a measure of total
food availability, and that the overall ranges (57-99% for
mussels) of macroalgal contributions to the focal species
were relatively narrow. The narrow range and overall high
level of macroalgal contributions to the diet of all species
may limit our ability to detect stronger effects on growth. A
positive relationship of macroalgal contributions across a
range from 45 to 85% across all sites and growth is similar
to patterns observed in M. edulis in the Aleutian Islands,
another high-latitude system, where higher contributions of
kelp-derived carbon also led to higher growth rates (Duggins
et al. 1989). Conversely, M. californianus in Oregon had
higher growth with more POM, responding to variations in
phytoplankton availability and quality (Bracken et al. 2012).
While these differences may relate to latitude or oceano-
graphic current systems, they also suggest that there is likely
not a single consistently better source of primary produc-
tion to support growth across a wide range of environmental
conditions. Another aspect to consider is that there can be
high variability in individual growth performance in some
mussel species (e.g., M. galloprovincialis), where individual
growth differs even if specimens are fed a consistent diet
(Fuentes-Santos et al. 2018). Strong performance differences
between “slow and fast growers” in mussels could obscure
diet quality effects.

Similar to mussels, the range of macroalgal contribution
for the two fish species was narrow and had no relation-
ship to growth. In a different example with a wide range of
macroalgal contributions (0-60%), the growth of juvenile
Black Rockfish from Vancouver Island, Canada, was posi-
tively associated with more kelp-derived carbon (Markel and
Shurin 2015). The growth variation examined by Markel and
Shurin (2015) was likely wider because juvenile fish allocate
most of their energy into growth, while adult fish examined
in this study allocate most of their energy into reproduction
and maintenance (Rombough 1994). Therefore, we cannot
rule out the possibility that macroalgae contributions do
affect fish growth, at least in some life stages, in the NGOA.

Mussel Diet and Growth in Relation to the Pacific
Marine Heatwave

While the PMH was a major perturbation in the NGOA, it
may not have had as drastic effects in the nearshore envi-
ronment (Robinson et al. 2023). The higher intertidal tem-
peratures in 2016 were noticeable but had enough cooler
periods in each year that the summer average water tempera-
tures were not significantly higher than in previous years
across all regions. The intertidal macroalgal die-off reported
by other studies was a significant effect of these warmer
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periods (Weitzman et al. 2021) and was likely due to the
faster response times and higher sensitivity of macroalgae
compared to the growth of nearshore consumers.

Macroalgal contributions to mussel diet were significantly
lower during the PMH (2015-2016) compared to after the
PMH (2017-2018, 2020-2021). On a population level, many
macroalgal species significantly decline in growth and standing
biomass under warmer temperatures or during heatwaves
(Gouvéa et al. 2017; Roman et al. 2020; Weitzman et al.
2021). For example, during the PMH, Fucus distichus and
other fleshy macroalgae in the NGOA declined, with a shift
to more invertebrate-dominated intertidal systems (Weitzman
et al. 2021). Under warmer conditions, macroalgal respiration
increases while photosynthesis decreases, leading to overall less
growth (Davison 1991), a pattern that is especially prominent
in cold-water macroalgae that have low photosynthetic
temperature optima (Ji and Gao 2021). Reduced macroalgal
productivity could explain our observed lower macroalgal
contributions to mussel diets during the heatwave. Macroalgal
contributions, however, increased significantly after the PMH,
possibly due to an increase of macroalgal biomass in the
detrital pool deriving from the macroalgal die-off during the
warm phases (Gao et al. 2021; Weitzman et al. 2021; Ji and
Gao 2021; McPherson et al. 2021). Macroalgal detrital lability
for lower trophic level invertebrate consumers increases over
the weeks to months after initial detrital production (e.g.,
Kristensen et al. 1992; Dethier et al. 2014), which may explain
a delay in observing the increase of macroalgal contribution,
considering the PMH lasted 2 years. It also should be noted that
there is a lag in detectable changes in food sources in consumer
tissues based on stable isotope turnover time (several months
for Mytilus spp.; Hawkins 1985) and our annual sampling
frequency. With the intertidal macroalgal die-off starting in
2015 and likely peaking in 2016 at the height of the heatwave
(Weitzman et al. 2021), an increased amount of macroalgal
detritus would be expected to enter the food web a few months
later, as it increases in lability. It would then require several
months for that increase in macroalgal consumption to be
reflected in the isotope composition of the consumers, likely
in late 2016. Based on our annual sampling scheme, we were
then able to detect this signal in 2017.

During the PMH period of lower macroalgal contribu-
tions, we found that mussel growth rates were also lower,
but we found a strong relationship between trophic pathway
sourcing and growth during this time. This finding suggests
that macroalgae can provide an important energy pathway to
maintain mussel growth under stressful environmental con-
ditions, even if the relationship during other times was low.
Conversely, mussel growth rates during the PMH could also
be driven by changes in phytoplankton availability (Batten
et al. 2022; Wyatt et al. 2022), a pathway that could then
become proportionally more pronounced during heatwaves.
However, while phytoplankton production may increase
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during marine heatwaves, phytoplankton species composi-
tion during warmer temperatures typically shifts to smaller-
celled taxa (Batten et al. 2022; Wyatt et al. 2022). If indeed a
specific source of primary production does not consistently
enhance growth, as discussed above, mussels may be able
to withstand some of these fluctuations by switching main
primary producer pathways.

Growth performance of nearshore species can also be
affected by environmental habitat conditions, independent of
food supply (e.g., Ruckelshaus et al. 1993). Typically, mussels
are more likely to grow faster during warmer temperatures if
food abundance is high (Lesser et al. 2010), i.e., higher growth
and metabolic demand can be fueled by increased food intake
(Lesser et al. 1994), although this ability depends on the ther-
mal physiology of a species (Schneider 2008). M. trossulus,
the species investigated here, has low tolerance towards high
temperatures (Evans and Somero 2010; Tomanek and Zuzow
2010), indicating that compensation of increased energy
demands for growth during warm periods may be limited.
In particular, stressful conditions, such as during heatwaves,
could cause energy allocation priorities in Mytilus to switch
from growth to maintenance or heat shock protection (Petes
et al. 2008; Lesser et al. 2010; Tomanek and Zuzow 2010). It
should also be noted that the temperature mussels experience
internally is driven by complex interactions of microclimate
resulting from the position on a rock, surrounding organisms,
size of the mussel, wind and water spray, etc. (Helmuth 1998).
Therefore, mussels in our study could have experienced much
higher or lower body temperatures than the proxy of envi-
ronmental data loggers can convey. While our PMH results
for mussels showed both lower macroalgal contribution and
lower growth rates, these could both be related to temperature
instead of to each other, although there is evidence that food
availability is a more important driver of Mytilus growth than
temperature (Page and Hubbard 1987).

Implications for the Nearshore Ecosystem

The climate and state of the ocean are changing at a faster rate
than seen before (Jones and Driscoll 2022). It is reasonable to
expect more frequent marine heatwaves (Frolicher et al. 2018)
will lead to lower macroalgal abundance (Weitzman et al.
2021) with effects on the food web, as seen in this study. If
performance of foundational species, such as mussels, became
compromised, they could become less competitive under
changed ocean conditions, which could increasingly open the
door for range extensions of southern species (Therriault et al.
2018). For example, the currently more southerly-distributed
species, M. galloprovincialis, is better able to tolerate warmer
conditions than the NGOA-native M. trossulus, including
maintaining growth performance at higher temperatures
(Schneider and Helmuth 2007; Shinen and Morgan 2009).

Given the importance of macroalgae to nearshore consumers
demonstrated here and elsewhere (e.g., Duggins et al. 1989),
understanding and anticipating nearshore responses to
bottom-up climate forcing can benefit from the inclusion of
monitoring of macroalgal production. Management actions
aimed at conserving and expanding macroalgae are likely to
benefit nearshore food webs under all climate scenarios and
especially during marine heatwaves.
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