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Abstract

The transfer of nutrients across ecological boundaries can drive pronounced ecosystem responses. This is particularly true
in beach ecosystems, which have little in situ productivity and therefore depend on spatial subsidies—often in the form of
beach-cast macrophyte wrack—as a primary source of organic matter. In this study, I explore the environmental predictors
of macrophyte wrack and shoreline invertebrate abundance at 15 gravel beaches in Sitka Sound, Southeast Alaska. I found
that beaches with wide intertidal zones exhibited substantially greater biomass of macrophyte wrack and wrack-associated
invertebrates: each additional meter of intertidal width increased wrack biomass by approximately 1.5%, and a doubling of
wrack biomass led to a~2.4-fold increase in invertebrate biomass. These results suggest that wide intertidal zones amplify
nutrient subsidies to shoreline invertebrates and terrestrial consumers. Over 95% of wrack biomass was composed of the
rockweed Fucus distichus, a widespread intertidal foundation species that is vulnerable to marine pollution and climate
change. This highlights F. distichus’ critical role in marine-to-terrestrial nutrient flows in Southeast Alaska and underscores
the potential cross-ecosystem consequences of its decline in a changing climate. Together, these findings demonstrate that
wide intertidal zones act as important subsidy donor habitats, enhancing wrack-mediated connectivity between land and
sea along the Northeast Pacific coast.
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Introduction

Connectivity is a key characteristic of coastal areas around
the world. Land and sea are connected by cross-ecosystem
nutrient flows, known as “spatial subsidies,” that link the
dynamics of marine and terrestrial ecosystems and can
elicit strong and complex ecological effects (Polis & Hurd,
1996; Polis et al., 1997). For instance, spatial subsidies from
marine to terrestrial ecosystems can enhance terrestrial eco-
system productivity, increase or decrease biodiversity, boost
consumer populations, and modify food web structure and
stability (Polis & Hurd, 1996; Croll et al., 2005; Hocking
& Reynolds, 2011; Obrist et al., 2020; Roffler et al., 2023).
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However, the nature and magnitude of these cross-ecosys-
tem effects often emerge from interactions among physical
and biological processes, making the pathways that govern
subsidy delivery and uptake highly variable and context
dependent (Subalusky & Post, 2019). Understanding the
factors that generate and mediate cross-ecosystem nutrient
subsidies is therefore central to understanding the connec-
tivity and dynamics of coastal ecosystems (Walter et al.,
2024).

Marine subsidies to terrestrial ecosystems can take many
forms such as seabird guano, spawning anadromous fishes,
marine animal carrion, and beach-cast marine macrophyte
(macroalgae and seagrass) wrack (Schindler et al., 2003;
Croll et al., 2005; Quaggiotto et al., 2018; Gerraty et al.,
2025; Hyndes et al., 2022). These subsidy forms often
exhibit markedly different ecological characteristics (i.e.,
quantity, quality, timing, and duration) that can ultimately
drive variation in recipient ecosystem responses (Subalusky
& Post, 2019). For example, seabird guano often influences
terrestrial ecosystems via bottom-up processes that enhance
soil fertility and plant productivity, whereas temporal pulses
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of spawning anadromous salmon often reshape terrestrial
consumer and ecosystem dynamics via top-down effects
(Jones et al., 2025; Levi et al., 2020). Macrophyte wrack is
one of the most spatially widespread and temporally ubiqg-
uitous of these subsidy types, functioning more as a “press”
subsidy compared to the “pulse” subsidies provided by
salmon and seabirds (MclInturf et al., 2019). Due to its ubiq-
uity along many coastlines and often sustained availability
over time, macrophyte wrack can function as an important
bottom-up driver of ecological dynamics on beaches and in
adjacent terrestrial habitats (Hyndes et al., 2022).

Macrophyte wrack functions as a basal resource in shore-
line ecosystems, with wrack-derived nutrients supporting
primary consumers such as microbes and detritivores and
subsequently propagating up food webs to higher trophic
levels, including mammals and shorebirds (Colombini &
Chelazzi, 2003; Dugan et al., 2003; Hyndes et al., 2022;
Page et al., 2021). In addition to fueling detrital food webs,
wrack also enhances shoreline and terrestrial sediment
and plant nutrient content via direct fertilization (Cardona
& Garcia, 2008; Del Vecchio et al., 2013). Although mul-
tiple biotic and abiotic factors may influence wrack subsidy
effect sizes across different ecological contexts and scales,
the magnitude of subsidy impacts often covary with spatio-
temporal variation in wrack and wrack-associated inverte-
brate abundance (Piovia-Scott et al., 2011; Schlacher et al.,
2017; Davidson et al., 2021; Page et al., 2021). Accordingly,
a broad body of research has revealed that wrack-subsidized
shoreline food web dynamics are strongly governed by
environmental factors that influence wrack deposition and
retention, such as ocean processes (e.g., tides, waves, and
wind), disturbances (e.g., storm events, beach grooming),
and characteristics of donor and beach ecosystems (e.g.,
proximity to donor habitats, beach morphology) (Colombini
& Chelazzi, 2003; Hyndes et al., 2022).

Although numerous studies have identified environmen-
tal drivers of macrophyte wrack deposition and retention,
the factors that underpin wrack delivery likely vary sub-
stantially among regions and depend on local macrophyte
assemblages and shoreline types (Orr et al., 2005; Wick-
ham et al., 2020). However, most research on the ecologi-
cal dynamics of beach wrack has been conducted on sandy
beaches in North America, Europe, Australia, and New Zea-
land (Hyndes et al., 2022), creating strong geographic and
habitat biases. In a global synthesis, Hyndes et al. (2022)
found that wrack research on coarse-sediment beaches is
exceedingly rare: only 4 of 336 studies were conducted on
non-sandy (e.g., cobble or boulder) shores, even though
sandy beaches comprise only 31% of the world’s ice-free
coastlines (Luijendijk et al. 2018). As a result, the role of
macrophyte wrack as a resource subsidy to rocky inter-
tidal zones, cobble and gravel beaches, mudflats, and other
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shoreline types remains poorly understood, despite clear
evidence that substrate strongly influences wrack retention
(Orr et al., 2005; Wickham et al., 2020). Identifying envi-
ronmental drivers of wrack deposition and retention across
a broader diversity of ecological and geographic contexts—
along with associated relationships between wrack and
invertebrate assemblages—is therefore central to determin-
ing when and where marine subsidies to terrestrial ecosys-
tems are likely to occur.

In this study, I surveyed marine macrophyte wrack and
wrack-associated invertebrate assemblages on 15 gravel
beaches in Sitka Sound, Southeast Alaska, USA. My pri-
mary objectives were to identify the key environmental
drivers of macrophyte wrack abundance and to evaluate the
relationship between wrack biomass and wrack-associated
macroinvertebrate abundance to better quantify nutrient
flows from marine to terrestrial ecosystems. I hypothesized
that beach slope and the extent of nearby donor habitat
would be the primary drivers of macrophyte wrack bio-
mass, and that sites with more wrack biomass would exhibit
a greater abundance of wrack-associated invertebrates. By
providing the first investigation of macrophyte wrack and
wrack-associated invertebrate assemblages in Southeast
Alaska, this study also aims to advance understandings of
wrack-mediated connectivity between marine and terrestrial
ecosystems in the region.

Methods
Study Sites

My study region spanned 16 km of coastline in Sitka Sound
on the west coast of BaranofIsland, central Southeast Alaska,
USA (Fig. 1). Southeast Alaska has more than 29,000 km
of marine shoreline, comprising approximately 20% of the
United States coastline, and contains a diverse mosaic of
nearshore marine habitats including canopy and understory
kelp forests, sand flats, seagrass meadows, rocky intertidal
zones, and unconsolidated beaches. Most shorelines in the
region are protected or semi-protected from wave exposure,
and terrestrial consumers of wrack and wrack-associated
invertebrates in the region include shorebirds, passerines,
rodents, Sitka black-tailed deer (Odocoileus hemionus sit-
kensis), and brown bears (Ursus arctos) (personal observa-
tion, Davidson et al., 2021).

I'surveyed 15 gravel beaches that were separated by rocky
outcroppings, points, or river mouths and a minimum of
500 m of shoreline. All beaches had a substrate composition
of gravel or mixed gravel and boulder (Wentworth, 1922).
Every beach also had some level of in situ productivity in
adjacent subtidal and intertidal zones including seagrass
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Fig. 1 Study sites, colored by mean wrack biomass per transect, in (A) Sitka Sound, (B) Southeast Alaska. Color gradation is placed on a log scale

for increased clarity

(Zostera marina) meadows, nearshore fringing giant kelp
(Macrocystis pyrifera) forests, and generally high densi-
ties of the intertidal rockweed Fucus distichus. Terrestrial
backing of beaches varied substantially across study sites
and included forests, sedge meadows, and anthropogenic
rock armoring. Two sites were located within Sitka National
Historical Park, where research activities were approved
under NPS permit # SITK-2022-SCI-0007, and all macro-
phyte and invertebrate samples were collected under Alaska
Department of Fish and Game Aquatic Research Permit #
CF-22-101. Each beach was sampled on one occasion in
August-September 2022.

Wrack Sampling

The species composition and biomass of macrophyte wrack
was estimated along a randomly selected 20 m stretch of
shoreline at each study site. Along each 20 m stretch of
shoreline, three 20 m transects were established extending
from above the high tide line (the base of terrestrial veg-
etation or 1 m above the highest line of macroalgal wrack
deposition, whichever was higher) toward the ocean. The
distances between transects were randomly selected, but a
minimum distance of 3 m was maintained between transects

to ensure minimal disturbance to macrofauna in adjacent
transects during sampling. Rather than extending to the
swash zone, transects were ended at 20 m length due to
the pronounced zonation of wrack biomass in uppermost
5 m of shore (i.e., 92.9% of all macrophyte wrack biomass
occurred in the uppermost 5 m; Fig. S1).

I assessed macrophyte wrack biomass and species com-
position within a 1 m swath along each 20 m transect (i.e.,
a 200 m® sampling area per transect, 600 m? per site). All
visible macrophyte wrack within each swath was identified
to the lowest possible taxonomic level, sorted, shaken free
of sand, and weighed using a fine (precision £ 1 g) or coarse
(precision + 10 g) spring scale attached to a water-perme-
able (0.8 mm mesh) bag. Unidentifiable macrophytes were
brought from the field to the Sitka Sound Science Center to
be identified via microscopy and expert consultation. At 13
of 15 beaches (all but Sandy beach and Magic Island beach),
I also quantified zonation of macrophyte wrack by splitting
each 20 m swath transect into four 5 m x 1 m zones at dif-
ferent distances (0-5 m, 5-10 m, 10-15 m, and 15-20 m)
from the supratidal zone. Due to the extremely high biomass
of macroalgal wrack in four swath transects (1 transect at
Totem beach, 3 transects at Indian beach), the uppermost
5 m of these transects were subsampled by conducting a
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0.5 m swath instead of a 1 m swath and the resultant bio-
mass values for that transect zone were multiplied by two in
subsequent analyses.

Invertebrate Sampling

The abundance of wrack-associated invertebrate macro-
fauna at each sampling beach was quantified by core sam-
pling using 10 cm diameter cores collected to a depth of
10 cm. 5 cores distanced 1 m apart in the uppermost 5 m of
shore were collected along each transect, for a total of 15
cores per beach. Sediment cores were sieved in seawater
in 0.8 mm mesh bags to remove sand, frozen, thawed in
fresh water, and sorted using forceps to isolate all macro-
fauna. All invertebrates were tallied, measured to the near-
est 0.1 mm with calipers, patted dry with a paper towel, and
massed with a precision scale. My objective was to quantify
invertebrate biomass as a measure of resource availability
to terrestrial consumers, rather than investigate community
dynamics. Given this focus, and because two macrofaunal
groups dominated the samples (Traskorchestia traskiana,
a talitrid amphipod species, and isopods, identified only to
the order Isopoda but primarily consisting of the woodlouse
Detonella papillicornis), I categorized all invertebrates into
three groups: T. traskiana, isopods, and a combined group
for all other invertebrates.

I utilized body length and mass measurements from a
subset of the two most abundant macrofaunal groups, T.
traskiana amphipods (n=982) and isopods (n=350), to
generate length-mass relationship curves that were subse-
quently used to estimate the mass of individuals from body
length measurements (Fig. S2). To estimate length-mass
relationships, I used the nls function in the stats package
in R Statistical Software (v4.3.1) to determine a nonlinear
least-squares estimate of the scaling parameter b in the equa-
tion mass = b * length® for each macrofaunal group (R
Core Team, 2023). This approach forces a zero intercept
and the starting value for b was set to 1. Regression-derived
b parameters were used to estimate the mass of 4,369 T.
traskiana amphipods and 1,078 isopods from length mea-
surements. 458 sampled invertebrates were physically dam-
aged and could not be properly measured and massed, so
I assumed that the mass of damaged individuals was the
average mass of all individuals of the same species (for 7.
traskiana) or order (for Isopoda) collected during this study
in order to estimate the total biomass of invertebrate com-
munities at each study site.

Biophysical and Environmental Measurements

I assembled a set of 16 environmental variables describing
donor habitat extent, biophysical site characteristics, and
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climatic conditions for each survey site. These environmen-
tal variables were used to characterize the environmental
context of each beach and served as the pool of potential
predictors for subsequent analyses.

Macrophyte wrack biomass across all study sites was
dominated by the intertidal rockweed Fucus distichus (i.e.,
95.3% of all wrack biomass, see Results and Fig. 2), which
can grow on almost all intertidal substrates in our region,
so I considered all non-sand and non-mud intertidal areas
above —0.31 m MLLW tidal height as possible wrack donor
habitat. I selected the —0.31 m tidal height threshold because
this was the lowest tide at which high-quality Planet sat-
ellite imagery (satellite image captured on May 11, 2020,
at 19:50) was available for the study region (Planet Labs,
2024). I quantified three separate measures of donor habitat
extent using Planet satellite imagery in QGIS: the width of
the intertidal zone (from —0.31 m MLLW to supratidal) at
the survey site, the intertidal area within a 100 m radius buf-
fer of the survey site, and the intertidal area within a 200 m
radius buffer of the survey site (QGIS Development Team,
2024). The distance that rockweeds typically move from
their detachment site before washing ashore is unknown and
likely depends on environmental conditions, shoreline char-
acteristics (e.g. beach slope, substrate), and seaweed repro-
ductive status. However, it is unlikely that most rockweeds
travel long distances before washing ashore at the sheltered,
low-slope gravel beaches that characterized our study sites
and many beaches in the region (Hawes et al., 2017).

I assembled 8 biophysical site characteristics including
wave exposure, beach aspect, beach slope, and 5 measures
of substrate type: percent cover of boulder, cobble, pebble,
granule, and sand. Wave exposure was derived from the
National Oceanic and Atmospheric Administration’s Alaska
ShoreZone website (https://alaskafisheries.noaa.gov/mapp
ing/sz_js/) from the “Biological Wave Exposure” variable
within “Derived ShoreZone Attributes.” Wave exposure at
our study sites was classified as either protected or semi-
protected. Beach aspect was measured using Planet satel-
lite imagery and QGIS, and beach slope was assessed using
the IOS application “Commander Compass” by taking the
mean of 10 beach slope measurements taken at randomly
placed points along the predominant wrack line. Substrate
type was classified for each beach by randomly placing 10
quadrats (0.25 m?) along the predominant wrack line, from
which the percent cover of boulder, cobble, pebble, granule,
and sand was visually estimated (Wentworth, 1922).

Climate variables such as mean wind direction, wind
speed, wave height, and wave period for the day of the
beach survey were accessed from the National Oceanic and
Atmospheric Administration National Data Buoy Center
archives for buoy station 46,084 (Cape Edgecumb, AK).
Tidal height (m) of the most recent high tide prior to the


https://alaskafisheries.noaa.gov/mapping/sz_js/
https://alaskafisheries.noaa.gov/mapping/sz_js/

Estuaries and Coasts (2026) 49:67

Page50f 11 67

100 1

™

Wrack Biomass (kg / transect)
(axis ticks on log scale)

1.00 1

0.001 IIIIIIIIIIIIIII

0o

Proportion of wrack biomass
o o
(o2} ~
o w

o

N

&)
1

(axis ticks on log scale)
3 2

Invertebrate Biomass (g / transect)

1-
.0001 4

1.00 1

o

N

(%2
f

0.50

0.25

Propomon of invertebrate biomass

0.001

© g 5 ; 3 b 2 ’b° g &‘
e&\ (° N & Q/& i QQ; 5 o
®© &
3?}

Site

Species

. Green Algae

. Other Brown Algae
Other Red Algae
Zostera marina

Macrocystis pyrifera
Fucus distichus

Species

Other
Invertebrates

Isopods

Traskorchestia
traskiana

Fig. 2 (A) Mean (+SE) macrophyte wrack biomass per transect, (B) mass of invertebrate species/functional groups at each of fifteen study
proportion of biomass of wrack species/functional groups, (C) mean beaches. *Old Sitka beach did not have invertebrates in collected sedi-

(£SE) invertebrate biomass per transect, and (D) proportion of bio- ment cores

@ Springer



67 Page 6 of 11

Estuaries and Coasts (2026) 49:67

beach survey was accessed from National Oceanic and
Atmospheric Administration Tides and Currents for station
9,451,600 (Sitka, AK).

Statistical Analyses

To identify the environmental drivers of macrophyte wrack
biomass, I fit a suite of generalized linear mixed-effects
models with total wrack biomass at each transect as the
response variable. All models assumed a Gamma error dis-
tribution with a log link, included site as a random effect,
and were fit using the g/lmmTMB function in the glmmTMB
package (Brooks et al., 2017).

From the broader set of 16 environmental variables
described above, I selected 11 predictor variables for can-
didate model construction: three measures of donor habitat
extent (intertidal width, 100 m radius intertidal extent, and
200 m radius intertidal extent), five climate variables (wind
direction, wind speed, wave height, wave period, and high
tide), and three biophysical variables (aspect, slope, and
wave exposure). The remaining five biophysical “substrate”
variables (percent cover of boulder, cobble, pebble, gran-
ule, and sand), were excluded from modeling because they
exhibited little variation among sites (Fig. S3). All continu-
ous predictors were centered and scaled (mean=0, SD=1)
to improve model convergence and place variables on com-
parable scales, and categorical predictors (i.e., wave expo-
sure) were left untransformed.

I generated candidate models using all possible additive
combinations of the 11 predictors. Prior to model fitting,
any candidate models that exhibited high collinearity (| r | >
0.7) among predictors were removed. This resulted in 1023
unique combinations of non-collinear predictors (including
a null model), which never included multiple “donor habi-
tat” variables due to high collinearity. All resulting models

Table 1 Top generalized linear mixed-effects models (Gamma distri-
butions with log links and site as a random effect) describing envi-
ronmental predictors of macrophyte wrack biomass. Models shown
are those within AAICc<2 of the best-supported model. Predictor
variables and p-values are shown for each model. K is the number
of estimated parameters, AICc is the small-sample corrected Akaike
information Criterion, AAICc is the difference from the top model, and

AlCy is the AICc weight

Model Variables K AICc AAICc AICy

rank

1 Intertidal width (p=.0006) 4 863.37 0 0.061

2 Intertidal width (p=.0002) 5 864.54 1.17 0.033
+ wave period (p=.23)

3 Intertidal width (p=.0005) 5 864.61 1.24 0.033
+ slope mean (p=.24)

4 Intertidal width (p=.0002) 5 864.92 1.55 0.028
+ wave exposure (p=31)

5 Intertidal width (p=.0003) 5 865.26 1.89 0.024

+ wind direction (p=.41)
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were fit, and those with AAICc less than 2 were retained as
top models (Table 1). Model assumptions for all top models
were evaluated using DHARMa simulation-based residual
diagnostics (assessing residual distributions, fitted-value
patterns, and overdispersion), which indicated no major
violations (Hartig, 2022). Minor deviations from uniformity
and predicted residual patterns were detected in some top
models, but these were not indicative of substantial mis-
specification. Multicollinearity was further evaluated by
calculating variance inflation factors using the performance
package, and no issues were detected (Liidecke et al., 2021).

To assess the bottom-up effect of macrophyte wrack
biomass on invertebrate biomass, I log-transformed mac-
rophyte wrack biomass and invertebrate biomass measure-
ments along each transect. I then fit a linear mixed-effects
model with log-transformed invertebrate biomass as the
response variable, log-transformed wrack biomass as the
predictor, and site as a random effect. Abiotic environmen-
tal variables were excluded from invertebrate modeling
because their influence on invertebrate biomass is primarily
indirect (i.e., mediated through effects on wrack deposition;
Dugan et al. 2003; Ulaski et al. 2023b). Including them in
invertebrate models would therefore conflate the roles of
factors governing wrack supply versus invertebrate produc-
tion and obscure the bottom-up subsidy mechanisms under
investigation.

Because morphological or nutritional differences among
macrophytes may influence associated macroinvertebrate
communities (MacMillan & Quijon, 2012; Mews et al.,
2006; Michaud et al., 2019), I also evaluated a second
model to assess whether the proportional composition of
two non-Fucus macrophyte wrack species (Zostera marina
and Macrocystis pyrifera) influenced invertebrate biomass.
Only these two species were included because each contrib-
uted a substantial portion of total wrack biomass (>30%) at
some sites. In this model, log-transformed invertebrate bio-
mass was evaluated as a function of log-transformed wrack
biomass and the proportions of Z. marina and M. pyrifera,
with site included as a random effect (Table 2). Both inver-
tebrate models were fit using the /mer function in the /me4
package, and model assumptions (residual distributions,
fitted-value patterns, overdispersion, and multicollinear-
ity) were again evaluated using DHARMa and performance
packages, with no major violations detected (Bates et al.,
2015; Hartig, 2022; Liidecke et al., 2021).

Results

I documented 37 macrophyte wrack species across the
15 sampling beaches, but the vast majority of wrack bio-
mass across all of the sites was comprised of the intertidal



Estuaries and Coasts (2026) 49:67

Page7of 11 67

Table 2 Results of linear mixed-effects models (site as a random effect) evaluating biotic drivers of invertebrate biomass. Bold values indicate

predictor significance (a=0.05)

Model Predictor Estimate ~ SE t-value p-value Random Marginal R* Conditional AAICc
Rank effect (site R?
SD)
1 Wrack biomass 1.28105 0.21185 6.047 <0.001 2.042 0.503566 0.9010983 0
(log-transformed)
Proportion Macrocystis pyrifera ~ —2.10549  1.43306 —1.469 0.1523
Proportion Zostera marina 0.09287  2.64561 0.035 0.9722
2 Wrack biomass 1.2403 0.2081 5.961 <0.001 1.990 0.4968285  0.8933782  3.28
(log-transformed)
150 [ LMM (Gaussian) measure of donor habitat extent—was the only significant
B=124+021(SE) . . .
| p<000t predictor across the five top models for evaluating envi-
At = ronmental drivers of wrack biomass (Table 1). The top
5 : model identified a significant positive association between
. nerdal wrack biomass and intertidal width as a single-term predic-

(log scale)

200
0015

Invertebrate Biomass (g / transect)
(axis on log scale)
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Wrack Biomass (kg / transect)
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Fig. 3 Linear mixed-effects model, with site as a random effect, illus-
trating the relationship between log-transformed wrack biomass and
log-transformed invertebrate biomass at each transect. The shaded
region represents+ SE, and axis ticks on both axes are on a log scale
(tick labels shown in original units). Each colored point depicts the
mean biomass values at a site, with error lines depicting within-site
variation between transects (= SE). Points are colored by beach width
(with color gradation on a log scale for increased clarity) to show asso-
ciations among beach width, wrack biomass, and invertebrate biomass

rockweed Fucus distichus (Table S1, Fig. 2). F. distichus
comprised 95.4% of macrophyte wrack biomass measured
across all of the sites, with eelgrass (Zostera marina) com-
prising 2.2% and giant kelp (Macrocystis pyrifera) com-
prising 1.7% of total biomass. The other 34 species each
contributed less than 1% of total wrack biomass. The high-
est species richness of wrack macrophytes at a site was 15
species (Shotgun and Halibut beaches), whereas the low-
est richness of wrack macrophytes at a site was 4 species
(Jamestown beach). Wrack biomass varied drastically across
the 15 sites, from 1 + 0.65 g/m? (+SE) (0.2 + 0.13 kg/tran-
sect) at Sandy beach to 472+ 80 g/m? (+SE) (94.3+16.0 kg/
transect) at Indian beach. Just two sites—Indian beach
(48.4%) and Totem beach (26.3%)—contained 74.7% of
the total macrophyte wrack biomass measured across all 15
sites in the region.

Beaches with wide intertidal zones exhibited substan-
tially greater biomass of macrophyte wrack than those with
narrow intertidal zones (Fig. 3, Fig. S4). Intertidal width—a

tor (B=1.05+0.30 SE, z=3.445, p <.0001, R’m=0.412,
R%c=0.868; Fig. S4), indicating that each additional meter
of intertidal width increased wrack biomass by approxi-
mately 1.5%. Other environmental variables (i.e., wave
period, beach slope, wave exposure, and wind direction)
appeared in some top models but were not statistically sig-
nificant (p >.2) and contributed little to model fit (Table 1).

I collected 7,005 wrack-associated invertebrates across
the 15 sampling beaches. The most-documented inver-
tebrate species was the talitrid amphipod Traskorchestia
traskiana (n=5,351) and the next most common inverte-
brate group was isopods (primarily Detonella papillicor-
nis; n=1,428). I also collected 228 additional invertebrates
including dipteran flies, coleopteran beetles, arachnids,
centipedes, crabs (Hemigrapsus nudus), and other inverte-
brates—all of which were not identified to species but were
counted and weighed. Invertebrate counts and biomass var-
ied widely among sampling sites, from one site (Old Sitka
beach) in which no invertebrates were found in sediment
cores to one site (Indian beach) in which 2,835 invertebrates
(46.6 g) were collected (945+320 individuals/transect
[£SE], 15.5+6.09 g/transect [+ SE]; Fig. 2).

As hypothesized, there was a strong positive association
between log-transformed wrack and log-transformed inver-
tebrate biomass (p=1.240+0.21 SE, t=5.961, p <.0001,
R’m=0.497, R%c=0.893; Table 2; Fig. 3), indicating that
a doubling of wrack biomass corresponded to an approxi-
mately 2.4-fold increase in invertebrate biomass. In the
model including the proportional composition of non-Fucus
species, neither Zostera marina nor Macrocystis pyrifera
proportion was a significant predictor of invertebrate bio-
mass. However, including these terms marginally improved
model fit (AAICc =—3.28; Table 2). This result suggests that
total wrack biomass, rather than species composition, is the
primary driver of variation in invertebrate biomass.

@ Springer
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Discussion

My results show that beaches with wide intertidal zones
exhibit substantially greater biomass of macrophyte wrack
and wrack-associated invertebrates (Fig. 3). In addition, the
dominance of Fucus distichus in macrophyte wrack assem-
blages highlights the importance of rockweed as a resource
subsidy to upper intertidal invertebrates in Southeast Alaska
(Fig. 2). These findings suggest that wide intertidal zones,
which often contain large expanses of rockweed habitat,
serve as critical donor habitats for nutrient subsidies to
shoreline invertebrates and may generate important forag-
ing sites for terrestrial consumers that exploit wrack mac-
rophytes and/or wrack-associated invertebrates as a food
source.

F. distichus grows on almost all intertidal substrates in
Southeast Alaska and, when reproductive, contains posi-
tively buoyant air bladders that facilitate onshore transport
once dislodged (Hawes et al., 2017). Beaches with wider
intertidal zones therefore contain larger areas of potential
donor habitat and, consequently, greater F. distichus bio-
mass available for dislodgement and deposition in adjacent
supratidal zones. This mechanism is consistent with studies
in other regions showing that wrack abundance is elevated
on beaches with greater extents of nearby donor macrophyte
habitat (Liebowitz et al., 2016; Reimer et al., 2018; Wick-
ham et al., 2020). However, intertidal £ distichus density
can vary with factors such as wave exposure, substrate sta-
bility, and grazing pressure, so fine-scale spatial mapping
(e.g., drone-based surveys) could provide a more mechanis-
tic link between the standing stock of attached F. distichus
and the quantity of beach-cast wrack delivered to adjacent
supratidal zones.

Studies on mixed-substrate beaches in adjacent regions
have also found that steeper beach slopes are associated
with lower wrack abundance (Wickham et al. 2020; Ulaski
et al. 2023a). In my models, however, beach slope (mea-
sured at the predominant wrack line) was not significantly
associated with wrack biomass. This likely reflects the fine-
scale nature of this slope metric, whereas intertidal width
(measured from —0.31 m MLLW to the supratidal zone)
provides a better estimate of average beach slope across the
intertidal. The weak correlation between intertidal width
and slope at the predominant wrack line (» = —.1) further
suggests that the slope metric used in this study reflects fine-
scale topography rather than overall beach slope. Rockweed
donor habitat and beach morphology are therefore tightly
linked in this region, and my finding that wide beaches have
elevated wrack abundance likely reflects a synergistic effect
of greater donor habitat area and a higher capacity for wrack
deposition and retention on low-slope beaches.

@ Springer

F. distichus is known to play critical ecological roles as a
foundation species in temperate intertidal and shallow sub-
tidal rocky habitats, and my results suggest that the ecologi-
cal influence of F. distichus extends beyond algal attachment
sites by providing a primary nutrient base for invertebrate
detritivore food webs on gravel beaches in Southeast Alaska
(Whitaker et al., 2023). Because Fucus species are widely
distributed across temperate rocky shorelines of the north-
ern hemisphere, the “Fucus flow” documented here likely
operates across broad geographic scales, though it may vary
with local, regional, or species-specific drivers of subsidy
transfer (Catarino et al., 2018; Fragkopoulou et al., 2022).
Future research describing Fucus dislodgement and near-
shore transport mechanisms, decomposition dynamics, and
consumer-resource relationships would help parameterize
these subsidy flows.

The dominance of F. distichus in macrophyte wrack
assemblages that I documented is consistent with studies in
adjacent regions (i.e., British Columbia, Canada [Wickham
et al., 2020]; Southcentral Alaska [Ulaski et al. 2023a]),
which also report extensive deposition of rockweed wrack
in some sites. However, my results differ in that kelps con-
tributed relatively little to total wrack biomass. Giant kelp
(Macrocystis pyrifera) was a major component of macro-
phyte wrack at only one site, Net Island beach, where it
constituted 35% of total wrack biomass. The limited rep-
resentation of canopy-forming and understory kelps in this
study may reflect several factors, including seasonal pat-
terns of kelp wrack deposition and notable reductions in
kelp abundance within Sitka Sound in recent decades attrib-
uted to human hunting of sea otters (Estes et al., 2011; Gorra
et al., 2022). Eelgrass (Zostera marina) contributed sub-
stantially to macrophyte wrack biomass at two sites, Harbor
beach and Magic Island beach, where it made up 34% and
40%, respectively, of total wrack biomass. The proportional
composition of Z. marina and M. pyrifera did not strongly
influence invertebrate biomass. This contrasts with some
studies from other regions (MacMillan & Quijon, 2012;
Mews et al., 2006; Michaud et al., 2019), though the effects
of wrack composition on invertebrate abundance are known
to vary across systems and among consumer taxa (Olabar-
ria et al. 2010). It is also possible that wrack compositional
effects were obscured by the overwhelming dominance of F.
distichus in wrack assemblages, thereby limiting the power
to detect composition-driven differences.

Long-term monitoring can provide valuable insights into
spatiotemporal variation in ecosystem processes, including
wrack deposition and food web dynamics in wrack-sub-
sidized shoreline ecosystems (Walter et al., 2024). While
my single-season sampling approach captures a snapshot
of spatial patterns in wrack abundance and associations
with local environmental drivers (i.e., intertidal width),
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it does not characterize seasonal or interannual variation.
Repeated surveys could deepen our understanding of how
environmental factors, such as storm events or temperature
anomalies, interact with local macrophyte assemblages to
shape wrack subsidy delivery over time. For example, the
dominant species in our wrack assemblages, F. distichus,
is vulnerable to anthropogenic and climate perturbations
such as oil spills, marine heatwaves, and long-term climatic
shifts (Barry et al., 1995; Driskell et al., 2001; Weitzman et
al., 2021). The 2014-2016 marine heatwave in the North-
east Pacific, for instance, led to substantial declines in F.
distichus abundance in the Gulf of Alaska (Weitzman et
al., 2021) and elsewhere (Whalen et al. 2023). Long-term
monitoring could therefore provide a more mechanistic
understanding of how environmental drivers and ecosystem
changes influence the cross-ecosystem flow of macrophyte
subsidies across spatiotemporal scales.

Spatiotemporal variation in wrack abundance is known
to drive variability in the magnitude of marine-to-terrestrial
nutrient subsidies and associated ecological consequences,
so it is likely that wrack subsidies to terrestrial ecosystems in
Southeast Alaska are more pronounced adjacent to beaches
with wide intertidal zones. However, subsidy effects can also
be influenced by shoreline boundary dynamics and charac-
teristics of recipient ecosystems and consumers (Hyndes et
al., 2022; Obrist et al., 2022). Future research should there-
fore examine the mechanisms of wrack-mediated nutrient
flows into the temperate rainforests of Southeast Alaska, the
diversity of terrestrial consumers that exploit wrack mac-
rophytes and wrack-associated invertebrates in the region,
and the ecological factors that influence the incorporation of
wrack-derived nutrients into terrestrial food webs and eco-
systems. By surveying gravel beaches in Southeast Alaska,
this study addresses a critical geographic and substrate bias
in wrack research and provides the first characterization of
wrack and wrack-associated invertebrate assemblages in the
region to guide such inquiry.
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