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Glacial melt due to climate warming is expected to accelerate in high-latitude ecosystems, necessitating an
understanding of how this may influence foundation species in coastal systems. The goal of this study was to use
a gradient of glaciation along five watersheds in a south-central Alaskan fjord to investigate the relationship
between downstream effects of glacial cover and the thallus condition of the habitat-building rockweed, Fucus
distichus. We used compositional and biochemical data from F. distichus thallus samples collected across six
months from all five watershed sites and related them to nearshore environmental data taken at each month and
site. Most thallus condition metrics changed more related to sampling month than watershed glacial cover, with
most metrics decreasing over the sampling period. This was possibly related to the build-up of more structural
materials such as cell wall and other chemical structural elements during later-season growth. Lipid content was
the only metric that differed systematically by watershed glacial cover, with lower lipid content at the sites with
higher glacial cover and assumed higher glacial discharge of the watershed. Most thallus condition metrics were
related to water temperature, with the increase during the sampling period reflecting a seasonal warming rather
than an influence of increased glacial discharge in the summer. Less effects were seen from lower salinity and
higher turbidity in the summer related to seasonally increased glacial discharge. These results indicate that
F. distichus is tolerant to the currently experienced range of environmental conditions in glacial watersheds, at
least during the sampling years. Possible effects of increasing glacial discharge conditions on other F. distichus life
stages (e.g., zygotes) that are vital to maintain genetically diverse populations, or the ability of this species to
maintain high primary production and provide habitat and high-quality food for coastal consumers under
increasing melt or warming conditions, remain uncertain.

1. Introduction

The Gulf of Alaska drainage basin contains over 10 % of the world’s
mountain glaciers (Hood et al., 2009; Yang et al., 2020) that are melting
at an alarming rate due to climate change, largely driven by anthropo-
genic carbon emissions (Hill et al., 2015). This melting has led to
increased glacial discharge into the downstream, coastal estuaries (Neal
et al., 2010; Larsen et al., 2015). About half of the freshwater runoff to
the coasts on the Gulf of Alaska comes from glaciers and icefields, and
this runoff provides 25-50% of the dissolved organic material (DOM)
without much photochemical change (Neal et al., 2010; Hood et al.,
2009). Glacial discharge is typically low in important labile dissolved
nitrogen although flow through coniferous forest soil can increase the
nitrogen content (Hood et al., 2009). Glacial discharge also supplies rare
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lithogenic minerals like phosphorus, calcium carbonate, silicate, and
iron that can be otherwise limiting factors of growth, especially in large-
bodied primary producers like kelp and rockweed (Hopwood et al.,
2020). Glacial discharge also provides fresh and cold waters, and high
turbidity from glacial flour or sediments transported from the glacier
into the nearshore environment, influencing the estuarine taxa residing
there (Arimitsu et al., 2016; Hopwood et al., 2020).

Fucus distichus, the Northern rockweed, is a dominant canopy-
forming species in high-latitude intertidal systems along the Pacific
coast (Jueterbock et al., 2016). F. distichus is a perennial species with a 2
to 5-year lifespan that is well-adapted to grow in environments with cold
waters and long dark periods (Jueterbock et al., 2016). Fucus spp. are
recognized as essential habitat providers, increasing local biodiversity,
and thus increasing the complexity and productivity of the overall
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system (Wikstrom and Kautsky, 2007). Rockweeds such as Fucus spp.
often occur in high densities in the upper intertidal and ameliorate
stressful conditions for associated species from wind and temperature
exposure (Bertness et al., 1999; Bulleri et al., 2002). Fucus spp. are
primary producers that provide essential support to nearshore food
webs, either directly for grazers or as particulate organic matter for
suspension feeders (Worm et al., 2000; Siegert et al., 2022; Schloemer
et al.,, 2023). Like many other brown algae, Fucus spp. can contain
chemical defenses, mostly phlorotannins, against grazers, epiphytes, UV
radiation effects, etc. (Peckol et al., 1996; Amsler and Fairhead, 2005).
These adaptations make Fucus spp. a highly adaptive taxon to a range of
environmental conditions or biotic pressures. However, differences in
the biochemical composition of seaweeds can influence the degradation
processes and, therefore, the quality of detrital matter that enters the
food web from Fucus spp. (Lopes et al., 2011; Gilson et al., 2021).

The ability of Fucus spp. to maintain high levels of performance to
support natural ecosystem functions depends largely on environmental
influences (Wahl et al., 2011). Glacial discharge influences the near-
shore environment where Fucus occurs in estuaries adjacent to glaci-
erized watersheds. The glacial discharge delivers fresh and cold waters,
high turbidity, but also the addition of nutrients (Arimitsu et al., 2016;
Hopwood et al., 2020). Low salinity resulting from freshwater discharge
can place high osmotic stress on marine macroalgae (Karsten, 2012),
although the opposite has also been observed where high salinity
negatively correlated with primary producer biomass since it can slow
down metabolism (Spurkland and Iken, 2011). In Fucus spp., salinity is a
recognized stressor (Wahl et al., 2011). For example, low salinity was
the main driver to cause decline in thallus size, energy storage com-
pounds, and chemical resistance to grazers in F. vesiculosus in the Baltic
Sea (Barboza et al., 2019). Glacial discharge can increase nutrients in the
nearshore system, which can promote primary production, although this
is more pronounced in marine-terminating glaciers than the land-
terminating glaciers studied here (Hopwood et al., 2020). Glacial melt
in Alaska also releases legacy accumulations of bedrock-derived mer-
cury from coastal watersheds to downstream environments (Nagorski
et al., 2021). Heavy metals such as mercury compromised the growth of
a number of species within the Fucales in Norway (Stromgren, 1980).
Such effects from glacial discharge can strongly influence local popu-
lation levels in Fucus spp. because of limited new recruitment based on
the low dispersal ranges of microscopic stages (Coyer et al., 2008). A
shift in the nearshore environmental conditions can then influence Fucus
spp. success both at the recruitment as well as the adult stage (Worm
et al., 2000). Such impacts from glacial discharge exposure can, there-
fore, have repercussions on the wider ecosystem functions of local Fucus
spp. populations.

There are multiple ways how local Fucus spp. populations could
respond to pressures from glacial discharge: they could tolerate a certain
range of environmental stress based on acclimation and phenotypic
plasticity; they could genetically adapt; or they could disappear from
sites with unfavorable conditions (Wahl et al., 2011). As an example of
phenotypic plasticity, photobiological variables, nutrient content, ni-
trate uptake, and oxidative stress descriptors of F. distichus from Alaska
under controlled conditions in the laboratory did not differ among levels
of temperature and irradiance (Umanzor et al., 2023). But such
phenotypic plasticity is typically limited; for example, under more
extreme low-salinity conditions, F. vesiculosus in the Baltic Sea became
locally extinct (Barboza et al., 2019). These stress levels and reduced
growth and survival can also lead to habitat fragmentation, where
continuous Fucus bands in the intertidal become interrupted with bare
substrate (Jonsson et al., 2018). This can pose a serious problem for the
population-level persistence for Fucus spp. that have low potential for
population recovery based on low dispersal ranges (Muhlin et al., 2008).
The goal of this work was to evaluate the performance of Fucus distichus
based on thallus condition metrics using a natural gradient of glacial
cover in Alaskan watersheds. Specifically, we hypothesized that various
metrics of thallus condition (e.g., elemental composition, lipid and
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protein content) would overall decrease with presumed increasing ef-
fects of glacial discharge, based on glacial cover of the watersheds. We
expected glacial discharge to be higher in watersheds with higher glacial
cover with more fresh, cold and turbid waters delivered into estuaries
connected to watersheds with larger glacial mass. It was also expected
that these influences would be larger during times of higher glacial
discharge later in the summer. Thallus condition is ecologically impor-
tant to evaluate the plants in terms of energy storage for growth,
reproduction, as well as their quality as a food source for grazers and
other feeders. The effort to relate this variation in performance with
environmental conditions within the different watersheds will provide
new insights into the capacity of F. distichus to respond to future envi-
ronmental changes.

2. Methods
2.1. Study sites and F. distichus collections

This study was conducted in Kachemak Bay, south-central Alaska
(Fig. 1). Kachemak Bay is located at the eastern side of Cook Inlet and
receives water from the Gulf of Alaska; during the counter-clockwise
circulation through Kachemak Bay, this water is modified by fresh-
water input from multiple watersheds, some of them heavily glaciated
(Johnson, 2021). Kachemak Bay also experiences a tidal range
exceeding 8 m that contributes to mixing processes within the bay
(Muench et al., 1978) and that creates extensive intertidal areas. The bay
contains numerous land-terminating glaciers and icefields, many of
which are part of the Harding Icefield and Grewingk-Yalik Glacier
Complex (Adalgeirsdottir et al., 1998; Yang et al., 2020), that discharge
into the coastal system. Discharge effects of Alaskan glaciers (e.g.,
temperature, conductivity, turbidity) have been found to be correlated
with the glacial cover of the watersheds (Hood and Berner, 2009).
Therefore, the setting of the watersheds, ranging in area covered by
glaciers from 0 to 60% (e.g., Jenckes et al., 2023), was used as a natural
experiment to investigate the effects of environmental conditions asso-
ciated with increasing glacial cover on F. distichus thallus condition.
Specifically, watershed glacial coverage was: Jakolof 0%, Tutka 8%,
Halibut 16%, Wosnesenski 27%, and Grewingk 60% (Fig. 1). This study
was part of the EPSCoR (Established Program to Stimulate Competitive
Research) “Fire & Ice” program at the University of Alaska Fairbanks
(UAF), funded by the National Science Foundation, which was built on
studying the effects of glacial cover on estuarine ecology.

Specific F. distichus collection sites were in close vicinity of the
freshwater discharge point in each watershed, on cobble to bedrock
beaches where F. distichus is the dominant macroalgal species in the
upper intertidal (Konar et al., 2009; McCabe and Konar, 2021). Five
distinct individuals of F. distichus per site were haphazardly collected
during low tide in the upper intertidal zone along a 50-m transect. In-
dividual samples were separated by several meters (dependent on the
continuity of the plants along the transect) and included the growing,
non-reproductive tips of the fronds. Samples were collected monthly
from March to August 2021, spanning the time approximately before the
onset of glacial discharge (March-May) to peak discharge (June/July) to
the slowing of seasonal discharge (August) (Jenckes et al., 2023).
Samples were kept frozen until later analysis in the home lab.

2.2. Thallus condition analyses

F. distichus samples (five individuals per month and sampling site)
were thawed and briefly rinsed with tap water to remove sediment,
epiphytic algae, and other contaminants. From each sample, a thallus
piece of 0.25-1.5 g not containing reproductive tissue was subsampled
for organic content calculations, and a second piece (~ 1 g) of distal,
non-reproductive fronds was used of for the protein, lipid, and elemental
composition analyses.

The tissue pieces were patted dry of any external water and wet
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Fig. 1. Map of the study region in Kachemak Bay, south-central Gulf of Alaska. Watersheds are delineated in black, with the glacier-covered areas in stippled
shading. Collection sites for Fucus distichus are indicated in black triangles. Numbers after the site name abbreviations indicate the percent glacial cover of the
watershed. JAK = Jakolof, TUT = Tutka, WOS = Wosnesenski, HAL — Halibut, GRW = Grewingk. Figure courtesy of J. Schloemer.

weight (WW) was determined. These pieces were then dried at 60 °C for
at least 24 h or until constant weight and dry weight (DW) taken to
determine dry weight yield:

DW (%) = DW/WW-100 @

These dried samples were then ashed at 500 °C for 5 h, weight of the
remaining ash determined, and ash-free dry weight (AFDW) as a metric
of the organic content in the sample calculated as:

AFDW (%) = (DW-ash weight)/DW-100 2)

Other distal, non-reproductive branches from each Fucus sample
were freeze-dried and homogenized to a powder using a pestle and
mortar. Approximately 0.8-1.0 mg of thallus powder were weighed into
small tin caps at the Alaska Stable Isotope Facility (ASIF) at the Water &
Environmental Research Center (WERC) at UAF to determine their
carbon and nitrogen composition. Analyzes were conducted on a
continuous-flow isotope ratio mass spectrometry (CFIRMS) using a
Thermo Scientific Flash 2000 elemental analyzer and Thermo Scientific
Conflo IV interfaced with a Thermo Scientific DeltaV"™™ Mass Spec-
trometer. While these analyses are typically done to determine the stable
carbon and nitrogen stable isotope composition, we were primarily
interested in the output of carbon and nitrogen concentrations (% DW),
from which we calculated the C/N ratio.

Protein content of each tissue sample was determined using a Bio-
Rad® Standard Protein Assay kit. The assay uses bovine serum albumin
(BSA) as the standard and Coomassie Brilliant Blue G-250 as the binding
dye. Absorption was measured on a Thermo Spectronic Genesys 5 UV/
Visible Spectrophotometer at 595 nm. Processing steps followed the

manufacturer descriptions and protein content was expressed as % DW.

Total lipid was determined from a 0.5-1 mg aliquot of dried thallus
tissue powder, following slightly modified protocols after Folch et al.
(1957). Each sample was weighed into glass vials and soaked in an
excess of 2:1 chloroform:methanol solution three times for about 2-4 h
at room temperature. The supernatants from each treatment were
combined into clean, pre-weighed glass scintillation vials per sample.
Then, about 1 ml 0.9% NacCl solution was added, the mixture vortexed,
and then let sit for about 15 min at room temperature for phase sepa-
ration. The upper phase was carefully pipetted and discarded. The lower
phase containing the isolated lipids was brought to dryness under a
constant air stream (oxidation of lipids was not a concern for total lipid
content determination). Total lipid weight was determined gravimetri-
cally and expressed as % DW.

2.3. Environmental monitoring

Environmental data were collected at each study site and month on
the shoreline at the same time as F. distichus collections. Water sampling
was conducted about 5-15 m from shore at 1-m water depth using a
handheld YSI Pro2030, which reported dissolved oxygen (DO, mg/1),
salinity, and temperature (°C). In addition, a 60 ml water sample was
taken at ~0.3 m depth and analyzed for turbidity on the collection day,
using a Hach 2100P TurbidityMeter and reported as Nephelometric
Turbidity Units (NTU).
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2.4. Statistical analysis

The effects of site and month on the various thallus condition metrics
were tested using two-way analysis of variance (ANOVA) with site and
month as fixed factors, including the interaction effect. Significance
level was set at a = 0.05. Prior to analysis, normality of data was tested
using Shapiro-Wilk test. Data for DW, nitrogen concentration, and pro-
tein content were log-transformed, data for AFDW were log (x/1-x)
transformed, data for carbon concentration and C/N ration were rank-
transformed, and data for lipid and caloric content did not require
transformation to achieve normal distributions.

Environmental variables were first explored for distribution and
multi-collinearity. The distribution of the turbidity data was distorted by
outliers and these data were log-transformed. Correlations among the
environmental variables using Pearson correlations were all <0.65;
hence, all predictor variables were retained for the analysis. The
explanatory effect of environmental variables on individual Fucus
thallus condition metrics (using above-mentioned transformations for
normality) was explored using multiple linear regression with a back-
ward selection procedure, based on the hypothesized linear effect of
glacial cover influences. The significance level was set at a = 0.05.

The effects of environmental conditions on all F. distichus thallus
condition metrics combined (multivariate) were also assessed with a
distance-based redundancy analysis (AbRDA) (McArdle and Anderson,
2001). dbRDA applies multivariate multiple regression of principal co-
ordinate axes on predictor variables and is constrained to linear
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relationships of the predictor variables that explain the greatest vari-
ability in a response dataset (Legendre and Anderson, 1999; McArdle
and Anderson, 2001). For the dbRDA, both thallus condition data and
environmental data, respectively, were normalized onto a common
dimensionless scale by subtracting the mean (across all samples) from
each variable value and dividing by the standard deviation of each
variable (Clarke and Gorley, 2015). Both the fitted as well as the overall
variation explained by axes are reported as well as axis loadings of the
environmental variables on the first four dbRDA axes.

All univariate analyses (two-way ANOVA and multiple linear re-
gressions) were conducted in R version 4.2.3 (R Core Team, 2023). All
multivariate statistics were conducted with the Primer-e software V7.
The F. distichus thallus condition data used in this study are available at:
doi:10.24431 /rwlk7dx

3. Results
3.1. Environmental conditions at F. distichus collection sites

Temperatures were relatively similar across sites for each month,
despite some variation, but increased all sites increased over the study
period (Fig. 2a). The greatest diversion from this increasing trend over
time trend could be seen at Grewingk, where temperatures for April,
May and July were similar. Salinity was highly variable at each site
across months, except for similar salinities across all sites in August
(Fig. 2b). Salinities tended to be particularly low at Tutka in most
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Fig. 2. Progression of environmental variables across the five study sites for six collection months. Environmental measurements were taken from the nearshore
environment at the time of Fucus distichus sampling: a. temperature (°C); b. salinity; c. dissolved oxygen (DO; %); d. turbidity (log-transformed, Nephelometric
Turbidity Units (NTU)).
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months, and salinities in July at all sites dropped dramatically except the
non-glacierized Jakolof site, where salinity did not change much over
the sampling period. Dissolved oxygen levels differed much among sites
and with no distinct trends over time, although there was a tendency of
lowest oxygen levels in August (Fig. 2¢). Turbidity tended to be high at
Wosnesenski, especially during the later sampling months, while
turbidity was relatively low during most months at Tutka (Fig. 2d).

3.2. Spatial and temporal patterns in F. distichus thallus condition metrics

All thallus condition metrics had strong, significant relationships
with both site and month (two-way ANOVA, Table 1), although it
differed by condition metric which factor had a greater influence.
Briefly, metrics associated with weight and elemental composition were
most influenced by the time component (month; indicated by higher F-
statistics), while biochemical constituents (protein and lipids) were most
influenced by the spatial component (site). The interaction effect also
was significant in all cases, except for protein content (Table 1). DW
yield was highly variable across sites and month (Fig. 3a) while AFDW
and carbon content were more similar across sites and months (Fig. 3b,
c). AFDW tended to be lower at Wosnesenski than other sites and
increased at all sites over time, but with unusually low values at Halibut
in March (Fig. 3b). C/N ratios increased over time, which matched both
the increases in carbon concentration and decreases in nitrogen con-
centrations over time (Fig. 3c-e). Among the variables more influenced

Table 1

Results of two-way ANOVA on effect of site and sampling month on various
thallus condition metrics. Significant p-values are in bold, and the stronger
effect is shaded in grey.

Metric Source DF SS MS F-value P-value

DW Site 4 0.55 0.14 8.39 0.0001
Month 5 1.62 0.32 19.81 <0.0001
SitexMonth 20 2.54 0.13 7.79 <0.0001
Error 120 1.96 0.02
Total 149 6.66 0.05

AFDW Site 4 0.01 0.00 9.05 <0.0001
Month 5 0.03 0.01 19.72 <0.0001
SitexMonth 20 0.04 0.00 7.74 <0.0001
Error 120 0.03 0.00
Total 149 0.12 0.00

C conc. Site 4 32302.87 8075.72 7.41 <0.0001
Month 5 68289.23 13657.85 12.52 0.0000
SitexMonth 20 49387.13  2469.36 2.26 0.0035
Error 120 130863.60  1090.53
Total 149 280842.83  1884.85

N conc. Site 4 1.22 0.30 21.63 <0.0001
Month 5 6.47 1.29 91.93 0.0000
SitexMonth 20 2.11 0.11 7.48 <0.0001
Error 120 1.69 0.01
Total 149 11.48 0.08

C/N Site 4 34212.43  8553.11 3091 0.0000
Month 5 176422.13 35284.43 127.52 0.0000
SitexMonth 20 37397.73  1869.89 6.76 <0.0001
Error 120 33203.20 276.69
Total 149 28123549  1887.49

Protein Site 4 2.35 0.59 6.18 0.0001
Month 5 1.15 0.23 2.42 0.0393
SitexMonth 20 2.64 0.13 1.39 0.1412
Error 120 11.39 0.09
Total 149 17.53 0.12

Lipid  Site 4 1523.53 380.88 67.69 0.0000
Month 5 305.18 61.04 10.85 <0.0001
SitexMonth 20 444.11 2221 3.95 <0.0001
Error 120 675.26 5.63
Total 149 2948.08 19.79
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by site (Table 1), protein content tended to be highest at Grewingk but
with otherwise little linear relationships to sites according to the percent
glaciation of the watershed (Fig. 3f). Lipid content followed a generally
decreasing trend with increasing watershed glacial cover, with highest
lipid concentrations at Jakolof, intermediate at Tutka and Halibut, and
lowest values at Wosnesenski and Grewingk (Fig. 3g).

3.3. Environmental correlates with Fucus thallus condition metrics

None of the environmental variables were significant predictors of
either DW or AFDW (Table 2). Carbon concentration and C/N ratio were
negatively related with turbidity and salinity and positively with tem-
perature, and the reverse relationships existed for nitrogen concentra-
tion. In contrast, protein content was significantly negatively predicted
by salinity, albeit with an extremely low coefficient of determination
that is unlikely to be biologically relevant (Table 2). Lipid content was
significantly negatively related to turbidity and temperature (Table 2).

In the dbRDA of all condition metrics with all environmental drivers,
the first two axes combined explained a cumulative 97.2% of the fitted
and 47.9% of the total variation (Fig. 4). Of these axes, the first
explained by far the most variation (84.6% of fitted and 41.8% of total),
with the second adding only 12.7% of fitted and 6.2% of total variation
explanation (Table 3). The strongest predictor loadings of the first axis
were a positive relationship with salinity (0.483) and negative with
temperature (—0.834). The second axis was mostly positively related to
the effect of turbidity (0.925) and a lesser, negative effect of DO
(—0.323) (Table 3). The ordination of the combined thallus condition
metrics by month and location were mostly arranged in a line along axis
1, in an arrangement of samples from April and May from high salinity at
the positive end of axis 1 to samples from July and August associated
with high temperatures at the negative end of axis 1 (Fig. 4). This
arrangement included samples from all sites, confirming that overall
thallus condition of Fucus was mostly driven by a seasonal transition of
environmental variables. Only samples from July and August from
Wosnesenski were clearly separated along axis 2, characterized by high
turbidity.

4. Discussion

The critical ecological roles that rockweeds play globally as a key
foundation species in intertidal systems and as a food source to coastal
food webs may be threatened by changes occurring in marine systems
due to climate warming, marine heatwaves, and increasing human im-
pacts. We investigated the effects that environmental conditions of
watersheds with variable glacial cover in Alaska may have on the thallus
condition of F. distichus. Overall, instead of glacial cover of a watershed
as a driver of F. distichus thallus condition, we found specific environ-
mental drivers in each watershed to be related to various condition
metrics, indicating more complex environmental controls than glacial
cover of a watershed alone. Understanding these controls of F. distichus
thallus conditions is important to gage their performance in providing
ecosystem services and their quality as a food source in coastal food
webs.

4.1. Patterns in F. distichus thallus condition metrics

We hypothesized that F. distichus thallus condition would, overall,
linearly decrease with increasing higher glacial cover of the watersheds.
Contrary to our expectation, trends in most thallus condition metrics,
especially metrics related to weight and elemental composition, were
associated more with the month of sampling rather than watershed. We
had also hypothesized that thallus condition metrics that are indicative
of nutritional value would be lower during times of greater glacial
discharge, i.e., during the later collection months (Jenckes et al., 2023).
For example, we saw an increase in AFDW over sampling months,
similar to findings of higher AFDW later in the summer in other
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Fig. 3. Thallus condition metrics across five study sites and for six sampling months, indicated by colors: a. dry weight, b. ash-free dry weight, c. carbon con-
centration, d. nitrogen concentration, e. C/N ratio, f. protein content, and g. lipid content. Individual samples per site are indicated by dots and the line connects site

means for each month.
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Table 2

Multiple linear regression results, testing the influence of all environmental
variables on each Fucus distichus thallus condition metric. Given are the overall
regression equation, statistics of the overall regression, R* and adjusted R*
values, as well as the specific predictor coefficients for each of the significant
environmental variables. Significant p-values of the overall regressions are in

bold.

DW Regression equation Y = 3.2605 + 0.0058 Temp
Overall statistics Fq, 148 = 0.97, p = 0.325
R? 0.01
Adjut. R? 0.00
AFDW Regression equation Y = 0.5122 + 0.0008 Temp
Overall statistics Fq, 148 = 1060, p = 0.305
R? 0.01
Adjut. R? 0.00
Y = 74.7892-9.7871 Log Turb - 1.1603 Sal +
C conc. Regression equation 5.4354 Temp
Overall statistics F3, 146 = = 14.01, p < 0.001
R? 0.22
Adjut. R? 0.21
Predictor coefficients  Log Turb  t= —2.218, p = 0.028
Sal t=-2.773,p = 0.006
Temp t =5.025, p < 0.0001
Y = 1.0978 + 0.0671 Log Turb + 0.0123 Sal -
N conc. Regression equation 0.0611 Temp
Overall statistics F3, 146 = = 80.25, p < 0.001
R? 0.62
Adjut. R? 0.61
Predictor coefficients ~ Log Turb  t = 3.411, p < 0.001
Sal t=6.607, p < 0.001
Temp t=-12.681, p < 0.001
Y = 62.7801-11.0675 Log Turb - 2.0579 Sal +
C/N Regression equation 10.1822 Temp
Overall statistics F3, 146 = 116.19, p < 0.001
R? 0.70
Adjut. R? 0.69
Predictor coefficients ~ Log Turb  t = —4.064, p < 0 0.001
Sal t=-7.971, p < 0.001
Temp t =15.256, p < 0.001
Protein  Regression equation Y = 1.5074-0.0115 Sal
Overall statistics Fy, 148 = 10.42, p = 0.002
R? 0.007
Adjut. R? 0.006
Predictor coefficients  Sal t = —3.216, p = 0.002
Lipid Regression equation Y = 16.327763-2.5347 Log Turb - 0.3068 Temp
Overall statistics Fa, 147 = 19.32, p < 0.001
R? 0.21
Adjut. R? 0.20
Predictor coefficients ~ Log Turb  t = —5.570, p < 0.001
Temp t=-2.771, p = 0.006

macroalgae (e.g., Himmelman and Carefoot, 1975). AFDW is a measure
of the organic, non-structural components in macroalgae (Kaehler and
Kennish, 1996), where higher AFDW is typically thought to be associ-
ated with a higher nutritional quality in seaweeds, such as higher caloric
content (Lamare and Wing, 2001; Weil et al., 2019). Much of our
observed temporal increase in AFDW, however, occurred over the first
two months of sampling (from April to May), coinciding with the start of
the Fucus growing season (Lehvo et al., 2001) rather than the onset of
glacial discharge (Jenckes et al., 2023).

An increase over sampling months was also seen in C/N ratios,
mirrored by a temporal increase in carbon content and decrease in ni-
trogen content, where higher C/N ratios are considered to be of lower
nutritional quality (Weykam et al., 1996; Peters et al., 2005). The C/N
ratio in samples also reflects the availability of carbon and nitrogen in
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the environment, with high C/N ratios indicating conditions that are
more stressful and less conducive to growth (Xu et al., 2021). A typical
baseline C/N ratio for marine macroalgae is around 18, with signifi-
cantly higher ratios generally indicating lower tissue quality and more
stressful environments (Atkinson and Smith, 1982). The C/N ratios in
our samples were relatively high compared to that baseline, ranging
from ~16 across all sites in April to ~42 in August. The increase in C/N
ratio in F. distichus over the sampling period indicated decreasing
nutritional quality, driven by the increase in carbon content and strong
decrease in nitrogen content in our samples over the summer. High-
latitude F. vesiculosus is known to mobilize internal nitrogen stores at
the beginning of their growing season into the summer, with limited
replenishment due to decreased ambient nitrogen stores due to summer
nutrient draw-down (Lehvo et al., 2001).

The observed increase in C/N ratio could also result in a decrease in
nitrogen-containing components like proteins and in an increase in
carbon-based compounds, such as cell wall components or lipids. Con-
trary to that, protein content did not change noticeably or consistently
over the course of the sampling period and lipid content decreased. If the
increase in carbon content and decrease in C/N ratio over time is not
related to lipids, these patterns could be associated with an increase in
phlorotannins. Phlorotannins are a common brown algal constituent
composed of phloroglucinol polymers that strengthen cell walls and also
exhibit a range of secondary functions such as herbivore defense, anti-
fouling agents, and UV protection, among others (Amsler and Fairhead,
2005). Fucus spp. are known for high levels of phlorotannins (Pavia and
Toth, 2000; Jormalainen and Honkanen, 2004; Koivikko et al., 2005),
including F. distichus from Alaska (Kellogg et al., 2014). Phlorotannin
levels in Fucus spp. in other temperate and high-latitude systems
increased seasonally with longer daylight hours and warmer tempera-
tures, and higher phlorotannins were correlated with lower tissue ni-
trogen levels (Pavia and Toth, 2000; Dethier and Williams, 2009;
Bogolitsyn et al., 2023). Therefore, it is possible that the patterns in C/N
and increase in tissue carbon we saw in our study could be related to
seasonally higher phlorotannin production. It would be useful in future
studies to confirm spatial and temporal patterns of phlorotannin content
in F. distichus in our study system.

The only thallus condition metrics more influenced by location than
time were related to the biochemical content, i.e., protein and lipid
contents. Of these, protein content tended to be higher at Grewingk,
especially during later sampling months, and also Tutka, while it was
lowest at Wosnesenski. Thus, protein content did not follow the hy-
pothesized linear trend with glacial coverage of the watershed and may
rather be related to other site-specific environmental factors. The overall
range of protein in F. distichus in our samples was relatively low
compared to that found in many other Fucus species (e.g., 10-17% DW in
various other Fucus species versus 0.2-7.1% in our samples; Lorenzo
et al., 2017; Catarino et al., 2018), although our values were similar to
those found in F. vesiculosus from the Arctic White Sea (Bogolitsyn et al.,
2023). High protein content in Fucus spp. is considered to be an
important component of nutritional quality of this seaweed genus in
human food supplement applications (Catarino et al., 2018). Hence, the
slightly higher protein content at the site with the highest glacial cover
indicates an opposite trend, if any, to our hypothesized inverse rela-
tionship between glacial cover and thallus condition.

Lipid content was the only thallus condition metric that reflected the
hypothesized spatial trend, with higher values at the non-glacierized
Jakolof watershed, and lowest values at the watershed sites with the
highest glacial cover, Wosnesenski and Grewingk. This would suggest
lower energy content of F. distichus at the sites with higher glacial cover,
based on the high energy content of lipids (D’Armas et al., 2019).
However, the range of total lipid content across all our samples was
much higher than reported for many other Fucus or other rockweed
species (Lorenzo et al., 2017; Catarino et al., 2018), although Fucus is
known to be lipid rich compared to many other brown algae (Bogolitsyn
etal., 2023). The overall high lipid content would suggest generally high
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Fig. 4. Distance-based redundancy analysis ({bRDA) ordination of combined F. distichus thallus condition metrics. Each point is the mean of all thallus condition
metrics at a site (mean of n = 5 replicates) and color represents sampling month. Axis values in parentheses show fitted and total explained variance. Predictor
variables are represented as vectors, with length relative to maximum predictor strength (circle).

Table 3

Results of distance-based redundancy analysis (dAbRDA) for the first four axes,
with the specific axis loadings for each of the environmental variables. DO =
dissolved oxygen.

dbRDA % explained variation fitted % explained variation total

Axis 1 84.57 41.66

Axis 2 12.65 6.23

Axis 3 1.98 0.98

Axis 4 0.79 0.39

Predictor Axis 1 Axis 2 Axis 3 Axis 4
Turbidity 0.246 0.925 0.232 —0.174
DO 0.103 —0.323 0.742 —0.578
Salinity 0.483 —0.096 —0.600 —-0.631
Temperature —0.834 0.177 —0.188 —0.487

energy content across all sites and seasons in our samples. Macroalgal
lipids, and of rockweeds in particular, are known to contain many
essential fatty acids (e.g., omega-3 polyunsaturated fatty acids) that are
an important source for consumers (Garcia-Vaquero et al., 2021;
Bogolitsyn et al., 2023). Future studies investigating the fatty acid
profiles of F. distichus in the study region would be particularly useful.
This could indicate that F. distichus from Kachemak Bay could generally
contribute high-quality nutrition to consumers in the coastal food web
(Schloemer et al., 2023), particularly early in the season and at locations
with less glacial influence. The decline in lipid content over sampling
months can also be related to the onset of the reproductive cycle of
E. distichus (Ang Jr, 1991), as macroalgal gamete release is known to
expend lipid stores (Renaud and Luong-Van, 2006).

4.2. Environmental drivers in F. distichus thallus condition

Contrary to the expectation of our hypothesis, patterns in thallus
conditions mostly did not correlate to glacial cover in a linear fashion,
although glacial discharge effects have been suggested to correlate with
glacial cover (Hood and Berner, 2009). For example, F. distichus AFDW
or C/N ratio in most month was lower at Wosnesenski (27% glaciation)

than at Halibut (16% glaciation) and Grewingk (60% glaciation). In
other metrics, we did not find any distinctive site trends across all wa-
tersheds (e.g., dry weight). This suggests that the glacial cover of a
watershed alone is not a useful proxy for the environmental conditions
F. distichus experiences in these watersheds. Instead, most thallus con-
dition metrics were related to individual environmental variables
occurring in the watersheds that varied independently from glacial
cover among watersheds. We tested the effects of multiple environ-
mental variables that are often associated with glacial discharge on the
thallus condition of F. distichus. Discharge from land-terminating gla-
ciers in Alaska provide cold, fresh and turbid waters to the coastal
environment (Fellman et al., 2015), with specific patterns strongly
influenced by the seasonal progression of glacial melt and discharge
(Jenckes et al., 2023). The only thallus condition metrics not associated
with any of the environmental variables tested in this study were DW
and AFDW. Conversely, the environmental variable not associated with
any of the thallus condition metrics was DO, likely because the mixing
associated with strong tidal exchange in the region prevents oxygen
depletion (Muench et al., 1978). Salinity and temperature were major
drivers of several thallus condition metrics, typically in opposite di-
rections when both variables had an effect. That was especially the case
with the C/N ratio and the associated carbon and nitrogen contents,
where the negative relationship with salinity (higher C/N ratios at lower
salinities) and positive relationship with temperature (higher C/N ratios
at higher temperatures) are reflective of the seasonal progression. The
least effect was from turbidity, but influenced thallus conditions simi-
larly as salinity. The two biochemical metrics (protein and lipids) were
not driven by the same variables, where protein associated with salinity,
although the low explanatory power of this relationship is unlikely to be
biologically relevant. In contrast, lipid content was related to turbidity
and temperature, where turbidity had a larger effect than temperature.

Waters from glacial discharge are characterized by low temperature,
low salinity and high turbidity. However, despite the increase in
discharge over our sampling period (Jenckes et al., 2023), nearshore
water temperatures actually increased (by about 10 °C from March to
August) rather than decreased. Likely, seasonal warming of coastal
waters superseded any cooling effects from discharge. The steep sea-
sonal temperature increases likely directly facilitated some of the
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composition changes that we propose to be associated with the onset of
growth and the reproductive season of F. distichus (Lehvo et al., 2001;
Keser et al., 2005; Graiff et al., 2015). Of course, phenological cues for
reproduction from longer summertime day length, rather than temper-
ature increase, could also be responsible for some of the changes in
carbon and nitrogen concentrations (Pearson and Brawley, 1996). The
observed lower lipid content later in the season may also, in part, be due
to the coincident reproductive cycle of F. distichus, which releases
gametes during the summer months and may expend its lipid stores
during its proliferation (Renaud and Luong-Van, 2006). If some of the
changes in carbon and nitrogen content were indeed associated with
phlorotannin production, as suggested above, these could also be related
to more light exposure as this is a known driver of increased phlor-
otannin levels in Fucus (Pavia and Toth, 2000). While turbidity may
interfere with any light clues, F. distichus’ high intertidal niche allows it
to live in shallower waters where light regimes are likely not limiting for
growth, contrary to limitations for subtidal species (Dethier and Wil-
liams, 2009; Wahl et al., 2011). This may explain the relatively small
effect of turbidity on these metrics, except for lipid content. High
turbidity was particularly prominent at the more glacierized sites
(Wosnesenski and Grewingk) later in the sampling season and the
increased shading from turbid waters may have contributed to either
limited build-up of large lipid stores or increased mobilization of lipids
to maintain other metabolic functions.

In contrast to temperature, the variability and overall decrease in
salinity over the sampling season were likely associated with the
seasonally increasing discharge of glacial freshwater. Salinity has been
identified as the largest stressor of Fucus spp. across many geographical
regions, affecting distribution, morphology, photosynthesis, growth,
and reproduction, among others (e.g., Ruuskanen and Back, 1999; Wahl
et al., 2011; Barboza et al., 2019; Cotas et al., 2019; Romoth et al.,
2019). In our study, salinity was a driver of carbon and nitrogen tissue
concentrations as well as protein concentrations, although the effect on
protein was small despite its statistical significance. Higher protein
content at lower salinities, like in our study, was also detected in
F. vesiculosus and considered a stress response (Munda and Hudnik,
1988).

5. Conclusions

We investigated thallus condition of F. distichus in relation to glacial
influences in a high-latitude system; while thallus conditions were
related to environmental variables that are modulated by both seasonal
changes and glacial discharge, these variables did not relate linearly to
the gradient in glacial cover of the watersheds. Overall, however, thallus
condition was more influenced by collection time than by the specific
location, reflecting seasonal changes related to growth and reproduc-
tion. These findings are similar to responses of the same species in photo-
physiological characteristics to similar gradients in high-latitude glacial
watershed cover in Southeast Alaska (Umanzor et al., 2023). This in-
dicates that F. distichus is overall relatively tolerant to the environmental
conditions they currently experience along a range of glacial discharge
conditions in Alaskan watersheds. As an intertidal species, resilience to a
large range of environmental conditions is common but there are limits
to that resilience (e.g., Rugiu et al., 2018; Raymond et al., 2022), and
sublethal effects on population genetics, or effects on different life stages
(e.g., zygotes), can erode the resilience of a species to continued envi-
ronmental pressures from a changing climate (Pearson and Brawley,
1996; Coyer et al., 2008; Jormalainen et al., 2017; Barboza et al., 2019).
We tested a limited array of environmental variables and extending
those to include others, such as variables related to ocean acidification,
would be particularly valuable (Gutow et al., 2014; Graiff et al., 2017),
especially given that glacial discharge is low in alkalinity (Reisdorph
and Mathis, 2014). Heat waves are another environmental perturbation
that is known to affect F. distichus abundance (Weitzman et al., 2021). In
summary, thallus condition metrics are important to assess Fucus spp.’
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ability to invest resources into vital functions (growth, reproduction,
defense) so that critical ecological functions as a habitat provider and a
food resource for the coastal food web can be maintained (Wahl et al.,
2011; Bahamonde et al., 2022; Schloemer et al., 2023).
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