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Abstract

Invasive habitat-forming macrophytes can alter native ecosystems directly, through competition
with native macrophytes, or indirectly, by providing different habitat characteristics or
supporting distinct faunal communities compared to that of the native macrophytes. Sargassum
muticum (Sargassum), was previously thought unable to inhabit soft-sediment habitats, butis
now found within Zostera marina (Zostera) meadows in Norway, potentially posing an additional
threat to these habitats in decline. This study investigates how mesofauna assemblages differ
between Sargassum and Zostera across four eelgrass meadows along a geographic gradientin
the Oslofjord and Skagerrak. In July and August 2024, | sampled the macrophytes and measured
habitat characteristics (fresh weight, C:N ratio). In the laboratory, | identified mesofauna (>250

pm) found on the macrophytes to set taxonomic levels.

Location was the strongest driver of faunal abundance and diversity, where location 1 had
lowest diversity, linked to high dominance of juvenile bivalves and lower fresh weight of habitat-
species. Sargassum supported higher faunal abundances overall, as well as for species groups
gastropods, amphipods, and bivalves. Although habitat-species had similar taxa richness,
Sargassum had greater richness of amphipods and gastropods, and also hosted more habitat-
specific taxa, of which many are typically associated with seaweeds. However, Sargassum
communities had lower evenness and Shannon-Wiener diversity compared to Zostera, reflecting
dominance of a few taxa. Fresh weight was similar for the two habitat-species overall, while C:N
ratio was higher for Sargassum but varied more across locations. The faunalresponses to
habitat-characteristics differed between macrophytes: for Zostera, abundance and diversity
were best explained by fresh weight and location; for Sargassum, C:N ratio was the most
consistent predictor, suggesting a more important role as a food source for fauna. NMDS and
PERMANOVA revealed that location was the most important structuring factor for community
composition, although the two habitat-species also hosted distinct faunal communities. There
was also a significant interaction effect of habitat-species and location, highlighting the role of

habitat-specific traits and site-specific variables in shaping mesofauna communities.

Faunal abundance in Zostera in this study, was lower than in meadows without Sargassum,
suggesting that the invasion of Sargassum within these habitats may alter overall faunal
abundance and/or distribution. If Sargassum continues to expand within Zostera meadows, its
distinct faunal community, in combination with shifts in faunal abundance, could have broader
ecological consequences, potentially altering trophic interactions and overall food web

structure in these habitats.



Introduction

Habitat-forming macrophytes, like kelp, seaweed and seagrasses, are crucial for coastal
biodiversity and ecological functioning (Edwards et al., 2020; Hemminga & Duarte, 2000;
Unsworth et al., 2022). As ecosystem engineers, these macrophyte systems influence the
coastal ecosystems by modifying local conditions, sedimentation rates and nutrient- and
organic matter levels (Jones et al., 1994). In addition to shaping environmental conditions, these
macrophytes act as miniature ecosystems in themselves, as habitats providing shelter and food
for fauna, and serving as a substrate for various epibiont species (Christie et al., 2009; Wikstrom
& Kautsky, 2004). Seagrasses are the main macrophyte species in shallow soft-sediment
habitats, and in the temperate northern hemisphere, eelgrass (Zostera marina, hereafter

Zostera) is the dominating species (Hemminga & Duarte, 2000; Short et al., 2007).

Zostera is a perennial marine vascular plant, with long narrow leaves —reaching up to 1cmin
width and 1min length (Sjgtun, 2025). In autumn and winter, above-ground biomass is reduced
as the leaves are broken down, and in spring the leaves regrow from the rhizome embedded in
the sediment (Pedersen & Borum, 1993; Sjgtun, 2025). In Norway, and along the coast of
Skagerrak, Zostera is a common macrophyte, forming scattered populations along the coastline
(Johannessen & Sollie, 1994). These meadows are highly productive habitats, both in primary
and secondary production, with one study estimating the macrofaunal production rate to be 5 to
15 times greater than other estuarine habitats (Baden & Bostrom, 2001; Duarte et al., 2002;
Heck et al., 1995). The Zostera plant provides a structural complex as habitat for fauna, bothin
the below-ground rhizome network and the above-ground biomass, supporting a unique and
diverse assemblage of both sessile and mobile fauna (Bostrom et al., 2014; Fredriksen et al.,
2005; Hall & Bell, 1988; Orth et al., 1984). These meadows are particularly important as nursery
and feeding grounds for fish, including economically important taxa such as cod (Gadus
morhua), as well as invertebrate mesofauna such as bivalves, gastropod and amphipods
(Jacksonetal., 2001; Pihl Baden, 1990; Pihl et al., 2006). These small invertebrates representa
diverse group and serve as a key food source for higher trophic levels, playing an essential role in

the food web structure of Zostera meadows (Nelson, 1979; Solé et al., 2023; Virnstein, 1977).

Seagrass meadows are in decline globally, both in areal extent and depth distribution, with an
estimated loss of 19.1% areal cover since the 1880s (Dunic et al., 2021). The rate of decline
varies across and within regions, and in the Inner Oslo fjord, the lower growth limit has
decreased for 67% of meadows in the region, which corresponds to an estimated loss of 57 000

m? (Dunic et al., 2021; Rinde et al., 2021). Threats to eelgrass ecosystems are largely driven by



local anthropogenic influences, such as nutrient and sediment loading, overfishing and coastal
habitat destruction (Bostrom et al., 2014; Vieira et al., 2020). But also more global influences
linked to climate change such as increase in surface water temperature and increased intensity
and frequency of storms (Orth et al., 2006). In the Skagerrak area, the main causes of the decline
of eelgrass meadows are thought to be nutrient pollution and overfishing, leading to high
epiphytic loads of algal species (Infantes et al., 2022). Shading from overgrowth of these
epiphytic species or mats of filamentous- or macroalgae, can reduce or inhibit the growth and
survival of seagrass species (Gustafsson & Bostrom, 2014; Hauxwell et al., 2001; Moksnes et al.,

2018).

There is increased awareness of introduced habitat-forming species as stressors in native
seagrass meadows (Belattmania et al., 2018; DeAmicis & Foggo, 2015; Navarro-Barranco et al.,
2019; Tanner, 2011; Vieira et al., 2020). The effect of the introduced species on the overall
seagrass ecosystem depends on many factors, such as its potential to modify native habitats,
the biology of the species, and the state of the native habitat (Mateo-Ramirez et al., 2022).
Highly eutrophicated areas, for example, favour algal growth and the presence of an introduced
macroalgae may have greaterimpacts in such environments (Thomsen etal.,2012). The
presence of introduced seaweed has generally been found to negatively affect the primary
production of native seagrasses, dependent on the density of the seaweed, as well as presence
of other stressors, like nutrient and sediment loading (DeAmicis & Foggo, 2015; Salvaterra et al.,

2013; Thomsen et al., 2012; Vieira et al., 2020).

Change in habitat-related characteristics and macrophyte assemblage can also impactthe
associated fauna within these habitats, where the effect of an introduced macrophyte on native
fauna can be related to competition between the native and introduced macrophyte, as well as
the presence of specialist fauna or fauna-macrophyte interactions (Veiga et al., 2014; Viejo,
1999). The dissimilarity to the native macrophyte, in terms of taxonomy, morphology and
biochemical composition, may also impact the associated faunal assemblages of the native
habitats, for example by altered water flow regimes, predator/prey dynamics or trophic
interactions (Buschbaum et al., 2006; Christie et al., 2009; DeAmicis & Foggo, 2015; Williams &
Smith, 2007). Different studies have found both positive and negative effects of presence of
seaweeds on faunal diversity in seagrass meadows, depending on the density of the introduced
seaweed, presence of other stressors, as well as the identity of the fauna (DeAmicis & Foggo,

2015; Drouinetal., 2011; Thomsen et al., 2012; Vieira et al., 2020).



Sargassum muticum (hereafter Sargassum) has been described as the most successful
macroalgal invader worldwide (Engelen et al., 2015). It is native to the Western Pacific but is
today present across the North-Atlantic from Norway to Morocco (Belattmania et al., 2018;
Engelenetal., 2015). Sargassum has a single stem and a heavily branched thallus, with side
branches carrying pairs of small gas-filled vesicles. The thalli can grow up to 1 m longin
intertidal environments, and up to 2-3 m in subtidal environments. Sargassum is pseudo-
perennial, with a perennial holdfast which regenerates its side branches each year (Husa et al.,
2023). In northern Europe, initial growth starts in spring and in autumn the branches fall off and
float away carrying fertile propagules. This trait is thought to be one the reasons for its success
as anintroduced species, where the thalli can form large floating mats capable of spreading
over long distances. In Europe, its introduction is also thought to be facilitated by “hitch-hiking”
on oysters transported for cultivation purposes (Engelen et al., 2015). The first attached
Sargassum in Norway was recorded in the late 1980’s (Rueness, 1989). Today, Sargassum is
distributed along the Norwegian coast - from the Swedish border in the South-East to
Kristiansund in the North-West (Husa et al., 2023). Sargassum was first suggested as a potential
threat to Zostera meadows in 1973, when found in habitats usually occupied by Zostera (Druehl,
1973). Studies prior to this claim suggested that Sargassum could not inhabit soft-substrate
habitats, but required bedrock, boulders or stones larger than 10cm for attachment and
therefore did not pose a threat to Zostera habitats (den Hartog, 1970). However, in recent years,
Sargassum has been recorded within eelgrass meadows across northern Europe, and across the
Oslo fjord and Skagerrak specifically (DeAmicis & Foggo, 2015; Rinde et al., 2022; Tweedley et
al., 2008). Despite previous claims, it is able to inhabit soft-sediment habitats by attaching to
substrates like small stones, shell fragments or even siphons of clams (Firth et al., 2024; White &
Orr, 2011). Tweedley et al. (2008) suggests that eelgrass meadows may even facilitate
establishment of Sargassum plants in these habitats, by trapping free-drifting Sargassum, and
because higher sedimentation rates within the meadow enhance embedding of the Sargassum

in the soft sediment.

As anintroduced species, Sargassum presents a potential risk to eelgrass meadows in decline.
Many studies have found a regression of local macrophyte species with the introduction of
Sargassum in a new system, which a subsequent change in community structure of
macrophytes (denHartog, 1997; Staehr et al., 2000; Viejo, 1997). Apart from effects on Zostera
cover, a central question in understanding the potential ecological effects of a Sargassum
intrusion to Zostera meadows, is if Sargassum supports the same or similar diversity and faunal

assemblages as Zostera. To my knowledge, only one study has compared the fauna



assemblages associated with Sargassum and Zostera within an eelgrass meadow, but no
studies have been conducted on the matter in Norway (DeAmicis & Foggo, 2015). In this study,
my aim is to investigate if there are any differences in diversity and abundance of mesofauna
assemblages associated to Zostera and Sargassum across four locations, as a baseline to
understand the potential ecological impacts of the introduction of Sargassum in Zostera
meadows. | also aim to investigate to what degree any potential differences can be explained by
habitat-size and the nutritional quality of the macrophyte, and if there are any differences in

these characteristics between Zostera and Sargassum. My research questions are as follows:

(1) Do habitat characteristics (i.e. fresh weight and C:N ratio) differ between Zostera and
Sargassum and among locations, and how do species-specific traits such as length of
thallus and leaves, as well as shoot density and leaf width of Zostera relate to these
patterns?

(2) Does mesofauna abundance and diversity (taxa richness, Shannon-Wiener diversity
and Pielou's evenness) vary between Zostera and Sargassum and among locations?

(3) Canvariation in mesofauna abundance and diversity within the habitat-species be
explained by the habitat characteristics (i.e. fresh weight and C:N ratio) or location?

(4) Does composition of the mesofauna community differ between Zostera and Sargassum
and locations?

(5) How do habitat-species, location, and habitat-characteristics (i.e. fresh weight and C:N

ratio) influence the abundance and richness of specific species groups?



Materials and Methods
Study sites

The study sites are located on a geographical gradient across the Oslo fjord and Skagerrak - from
Drgbak in the North-East (NE) to Arendal in the South-West (SW) (Fig. 1). Location 1
Solbergstrand, Frogn (59.6152°N, 10.6508°E) is located in the middle Oslo fjord, and location 2
Mostranda, Feerder (59.0814°N, 10.3916° E) in the outer Oslo fjord. Location 3 Stglsviga, Arendal
(58.4253°N, 8.7617°E) and location 4 Drotningviga, Grimstad (58.3455°N, 8.6496°E) are located

in Skagerrak.
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Figure 1 Map (left) with placement of the four study locations. Location 1 (Solbergstranda, Frogn), location 2 (Tjgme,
Feerder), location 3 (Stelsviga, Arendal) and location 4 (Drotningviga, Grimstad) (Google Maps, 2025). Photo (right)

from location 2 showing side-by-side growth of Sargassum and Zostera (Rinde, n.d.).

The locations have a similar substrate with sandy bottoms mixed with small stones and shell
fragments. The locations are all sheltered, however there is some variation in wave exposure —
with highest exposure at location 3 and 4 (~30000), intermediate at location 1 (~15000) and
lowest at location 4 (~5000) (Table 1). At location 1, there is also wave impact due to ship-traffic
close by. The average temperature in the growth season is similar across locations 1, 3and 4,
with temperatures around 13°C. At location 2, temperatures are slightly higher (14.6°C). There is
a shift in salinity between the inner and outer locations, with lower salinities (~26 psu) for
locations 1 and 2, and higher salinities (~29 psu) at locations 3 and 4. There is also a gradient of

nitrogen content —with increasing total nitrogen (mmol N/m?) from SW to NE (location 4 to 1).



Table 1 Coordinates, collection depth and environmental variables at the four study location.

The simplified index of wave exposure (swm) is extracted from Isseus’ wave exposure model (spatial resolution of
model: 25x25m) (Isseus, 2004). Average temperatures (°C), salinity (psu) and nitrogen content (mmol N/m*3) are
extracted from NIVAs 3D hydrographic MARTINI-800 model (spatial resolution is 800 x 800m) (Staalstrem et al., 2022).
Temperature, salinity and nitrogen content are averaged for the upper 30m ofthe water column and for the main

growth season of Zostera and Sargassum (May-September).

Location Solbergstrand Mostranda Stolsviga Drotningviga
no. 1 2 3 4
Coordinates
59.6152°N, 59.0814°N, 58.4253°N, 58.3455°N,
10.6508°E 10.3916°E 8.7617°E 8.6496°E
Collection depth [m]
1.5-2.0 1.0-1.5 1.5-2.0 3.0-5.0
Exposure grade Highly
Protected protected Protected Protected
15468 4029 30095 35624
Temperature [°C]
12.6 14.6 12.9 13.0
Salinity [psu]
26.54 26.46 28.81 29.24
Nitrogen content [mmol
N/m?] 14.12 12.20 11.51 11.14

Field sampling

Sampling was conducted on July 23rd and 24th at locations 2 and 1, respectively, and on August
15th and 16th at locations 4 and 3, respectively. For locations 1, 2 and 3, | collected samples by
snorkelling at low tide. At location 4, collection was done by a volunteer diver because of greater
growing depths of the two habitat-species. All samples were collected within a 15m distance to
the shore. For each location, | measured the collection depth of one of the samples with a ruler
and estimated the depth variation across the sampling location. The sampling depth was similar
across locations 1 through 3 (1-2 m), but for location 4, samples were collected at depths

between 3-5m depth.



Foreach location, | collected 3 samples per habitat-species. Replicate samples were collected
>5 metres apart, to ensure independence of replicates. Zostera samples were collected at least
1 m from the edges of the meadow, to avoid edge effects. Sargassum were haphazardly
collected from within the meadow. | collected the samples using a fine mesh bag, which was
lowered over the macrophytes. | then cut off the macrophytes at the base with scissors, closed
the bag while still submerged and removed it from the water. All Sargassum samples had one
single thallus per bag. To account for shoot density, Zostera samples were collected with the
opening of the mesh bag held open by a ring of known diameter. The diameter of rings
corresponded to either 0.03, 0.07 or 0.08 m?. All shoots within the area of the ring were cut at the

base and collected as one sample.

In the laboratory, | emptied each sample bag into a bucket. The inside of the bag was carefully
rinsed to flush all visible animals into the bucket. | then shook the macrophyte around in the
bucket filled with water by hand, and the bucket content was sieved through a 250 um sieve.
This process was repeated three times to ensure all fauna was released from the macrophytes.
The fauna was preserved with a 70% ethanol solution and stored for analysis. | shook the
macrophyte samples for excess water and measured the fresh weight and length of each
sample. For Sargassum samples, the whole length of the thallus was measured. For Zostera
samples, shoot length and width per sample was estimated over an average of three shoots. |
also counted shoots per sample and calculated the shoot density according to the diameter of
the ring opening of the sampling bag. To measure C and N content, | cut off three leaf-samples of
Zostera and three samples of main- or side branches of Sargassum. The samples were cut off
from the top of the blades, or near the top of the thallus, and frozen for analysis of dry weight and
percentage carbon and nitrogen content. The samples were analysed by LabTek at NMBU, where
they were dried to constant weight and analysed for C:N content using the Dumas method of

analysis.

To estimate cover of filamentous algae for Sargassum per location, | selected a random branch
of the thallus and plucked off the filamentous algae with a tweezer. | towel dried both the
Sargassum branch and filamentous algae, weighed both separately and then calculated an
average percentage cover. For Zostera, filamentous algae cover was visually estimated by
comparison to Sargassum per location, because of lower filamentous algae cover as well as
difficulty in separating the algae from the leaves. Apart from filamentous algae, some samples
were contaminated by presence of other species than Zostera and Sargassum: many Zostera
samples had epiphytic macroalgae present and some Sargassum samples had Zostera present.

For all samples with contamination, | measured the fresh weight of the contaminant species.



Fauna identification

Because of high abundance of individuals per sample, | sub-sampled 1/8 of the faunal samples,
according to NIVAs internal procedure described below. Before sub-sampling, | visually
inspected samples in a tray. If any rare taxa were observed in the tray, | identified these and
counted them for the overall sample. Then, | divided the tray into eight equal squares, and after
mixing well and spreading the sample evenly within the tray, | chose one square at random. For
the sub-sample, | identified most fauna to lowest taxonomic level possible (see paragraph
below). If a taxon was counted less than 5 times in the sub-sample, | counted two squares for
the specific taxon. The average of the two sub-samples was multiplied to calculate the total
abundance for the sample. For all other taxa, the sub-sample was multiplied by eight to get the

total abundance of the sample.

Fauna was identified with guidance from staff at NIVA, and by using the following literature for
the specified taxa: amphipods, isopods, mysid shrimps and true shrimps were identified using
Enckell (1980), as well as figures of amphipods from Sars (1895); brachyura were identified using
Christiansen (1972); and remaining taxa were identified by Hayward and Ryland (2017)
(Christiansen, 1972; Enckell, 1980; Hayward & Ryland, 2017; Sars, 1895). All oligochaetes and
barnacles were identified to the subclasses “Oligochaeta indet” and “Cirripedia indet”.
Chironomid larvae, halacaridae, polychaetes and stenothoidae were identified to family level.
All other taxa were identified to species level where possible, however, because many
individuals were juvenile or small in size, the taxonomic resolution is generally low. Nematodes,
copepods, ostracods, bryozoa and foraminifera were registered as present when found in
samples, but not included in analyses as the research questions are focused on mesofauna.
Names of taxa were updated to the current scientific name using WoRMS Taxon match (WoRMS

Taxon match, n.d.).
Diversity calculations

Foreach sample, | calculated the individual abundance and richness of taxa. As well as
Shannon-Wiener diversity and Pielou's evenness. The two latter calculations are both based on
natural algorithms, and Shannon-Wiener diversity incorporates both taxa richness and Pielou’s
evenness (hereafter evenness). For calculation of taxa richness, taxa were presented with
absence/presence in a taxa list with adjustment to avoid duplicated presence-counts of taxa
within same taxonomic group. This was done by removing presence of higher taxonomic levels
where a taxon was determined to two levels in one sample. For example, in a sample where both

Eualus sp. and Eualus pusiolus were present, | removed the presence count of Eualus sp.. For



samples where lowest taxon in sample is present both as unidentified and unidentified juvenile,
for example polychaeta indet. and polychaeta indet. juv., then the presence of one of the
categories were removed in taxa counts. | identified taxa with habitat-species specificity based
on the species list, defined as those with 80% or more of counts in one habitat-species and

more than 3 counts overall.
Data analyses

Because of many samples with contamination (n=11), | considered including a «<mixed» category
of habitat-species for samples with contamination higherthan 20% of total fresh weight.
However, this was difficult to include in the analyses, because of few parallels per habitat-
category. Also, there was seemingly no effect of contamination on diversity indices nor
abundance of individuals when investigated using linear models. Hence, | decided not to

include mixed-habitat as a category in the analyses.

| used a fully crossed study design where all categories of the first factor (habitat: Zostera or
Sargassum) occur in all levels of the second factor (location: 1-4). All statistical analyses were
performed in RStudio (version 4.3.3) (R Core Team, 2024; RStudio Team, 2024). All continuous
variables were tested for normality, using Shapiro-Wilk’s test as well as with visual inspection of
Q-Q plots. Non-normal data were converted to normal distribution where possible, by square
(*2), cube (*3) or log- transformation. To identify potential covariation, | tested correlation for
continuous variables using Pearson’s correlation (if normal) or Spearman’s correlation (if non-
normal). Differences in diversity (i.e. Shannon-Wiener diversity, evenness and taxa richness),
individual abundance, fresh weight and C:N ratio across habitat-species and locations was
tested using a two-way analysis of variance (ANOVA) with and without interaction (habitat-
species and location). The significance threshold for all analyses was set at p <0.05. | made all

graphs and boxplots using the ggplot-package from R.

All models testing the effect of predictor variables on diversity indices and individual abundance
were run separately on data subsets for Sargassum and Zostera samples. Because of small
sample size and non-normal distribution of variables within the subsets, | used Spearman’s rank
correlation to test correlation with abundance and diversity indices with fresh weight and C:N
ratio. To test which predictor variables (i.e. location, fresh weight and C:N ratio) best explained
variation of diversity indices and abundance, | used the dredge function from the MuMin
package in R on generalised linear models. Model selection was conducted with forward and
backward stepwise selection based on Akaike Information Criterion corrected for small sample

size (AlCc). Because of slight collinearity of C:N ratio and location in the Sargassum subset, | re-



run all models where C:N ratio was significant, substituting C:N ratio with location and

compared AlC values. The model with the lowest AlC-value was kept.

To visualize and test patterns in community composition, | performed non-metric
multidimensional scaling (NMDS) and permutational analysis of variance (PERMANOVA) using
the vegan package in R. To evaluate the influence of rare taxa on the multivariate structure, |
created filtered taxa lists by removing taxa with fewer than 3 and 5 individuals across all
samples. Stress was assessed according to the thresholds defined by Clarke (1993): stress
<0.05 gives an excellent representation; stress <0.1 corresponds to a good ordination, etc. The
lowest stress value was achieved for NMDS5 (taxa with fewer counts than 5 removed; stress=
0.078) compared to NMDSO (no taxa removed; stress = 0.162) and NMDS3 (taxa with fewer
counts than 3 removed; stress = 0.150). PERMANOVA was therefore performed on the NMDS5
dataset based on Bray-Curtis dissimilarities with 999 permutations. Community composition
was tested for habitat-species, location, as well as habitat-species and location interaction.
Ellipses representing 95% confidence intervals for centroids of groups were plotted in NMDS

ordination plots.

All models testing the effect of predictor variables (i.e. fresh weight and C:N ratio) on species
group richness and abundance were run separately on data subsets for Sargassum and Zostera
samples. Species groups are polychaeta, amphipods, crustaceans (other than amphipods),
gastropods and bivalves. Because of hon-normal distributions, richness and abundance of
species groups was tested with generalised linear models (GLM). Amphipod abundance showed
overdispersion, and therefore a negative binomial GLM was used. To compare variance of
species groups across habitat-species and locations, | used the carand emmeans packages in
R, so | could perform an ANOVA-test and Tukey’s post-hoc analysis on the generalised linear
models. All models were tested for habitat-species and location interaction, and the type of
ANOVA-test was chosen accordingly. If there was no significant interaction, | used a type 2
ANOVA-test. If interaction was significant, | used a type 3 ANOVA-test. For post-hoc analyses |
used estimated marginal means analysis adjusted for Tukey for pairwise comparison. For testing
the effect of C:N ratio and fresh weight on abundance and richness, | used Spearman’s rank

correlation test.



Results
Habitat-size and nutritional quality

For Sargassum —thallus length was relatively consistent across locations, with an average length
of 55 cm (Fig. 2a). The average width and length of Zostera leaves in the study sites was 0,4cm
and 44 cm respectively, with a trend of increasing width and length of leaves from NE (location 1)
to SW (location 4) (Fig. 2a and 2b). Average shoot density overall was 217 £ 45 shoots per m2.
Shoot density was similar for location 1, 3 and 4, but was markedly higher at location 2 (Fig. 2c).
Although not precisely determined, | observed less fouling of filamentous algae for Zostera

(~7%) than Sargassum. There was also a gradient of filamentous algae cover from NE to SW -

with an average of ~10%, ~15%, ~18% and ~23% cover across location 1 to 4.
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Figure 2 Morphometric measurements across site locations of (a) length of Sargassum (blue) and Zostera (green), (b)

width of Zostera leaves and (c) shoot density of Zostera leaves.

Fresh weight seemed to increase slightly from NE to SW for both habitat-species, apart from
fresh weight of Zostera at location 2 which is markedly higher and coinciding with the high shoot
density at the site (Fig. 3a, see also Fig. 2c). There was no consistent size hierarchy between
Sargassum and Zostera across locations. ANOVA results revealed no significant difference of
fresh weight between habitat-species, locations, nor the interaction between habitat-species
and location. For C:N ratio, Sargassum had higher values than Zostera for all locations except
location 1 - where both habitat-species had the lowest C:N ratio, and the trend was inverted (Fig.
3b). The C:N ratios were significantly different among locations (p = 0.003) and there was a
significant interaction between habitat-species and location (p = 0.045). Post-hoc analyses

revealed that the difference between locations was driven by Sargassum, with significantly



higher C:N ratios at locations 2, 3, and 4 compared to location 1 (2-1: p=0.007; 3-1: p=0.010; 4-
1:p=0.009).
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Figure 3 Boxplots of (a) fresh weight and (b) C:N ratio for Zostera (green) and Sargassum (blue) across site locations.

Mesofauna abundance and diversity

Per sample, the two habitat-species supported approximately the same taxa richness, with an
average of 20 * 3 taxa for Sargassum, compared to 18 + 4 taxa for Zostera. In terms of individual
abundance, Sargassum supported markedly higher average individual abundance (7400 + 6200

individuals) than Zostera (2600 = 2000 individuals) per sample.

There was an increasing trend of Shannon-Wiener diversity and evenness for Sargassum from
NE (location 1) to SW (location 4) (Fig. 4a and 4b). ANOVA results revealed that Shannon-Wiener
diversity differed significantly between locations (p < 0.001) and habitat-species (p =0.031).
Tukey’s post-hoc analysis revealed that Shannon-Wiener diversity was lower for Sargassum (p =
0.031) and location 1 compared to locations 2, 3, and 4 (all p < 0.001). ANOVA results for
evenness displayed the same pattern. Evenness differed significantly between locations (p <
0.001) and habitat-species (p = 0.007). Post-hoc comparisons showed that Sargassum had
lower evenness than Zostera (p = 0.007), and location 1 had significantly lower evenness than all

other locations (all p<0.001).
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Figure 4 Diversity indices and individual abundance across Zostera (green) and Sargassum (blue) habitat-species at

site locations. (a) Shannon-Wiener diversity, (b) evenness, (c) taxa richness and (d) individual abundance.

Parallel to the increasing trend of Shannon-Wiener diversity and evenness, there was a
decreasing trend of individual abundance from NE (location 1) to SW (location 4) for Sargassum
(Fig. 4d). ANOVA revealed significant differences in individual abundance between habitat-
species (p = 0.002) and location (p = 0.041). Tukey’s post-hoc test showed that Sargassum had
significantly higher individual abundance than Zostera (p = 0.002). No significant pairwise
differences were found between locations. Taxa richness was generally similar between habitat-
species and was lowest at location 1 for both (Fig. 4c). Taxa richness varied significantly
between locations (p = 0.006), and Tukey’s post-hoc analysis indicated that location 1 had
significantly lower taxa richness than the other sites (2-1: p=0.013; 3-1: p=0.044;4-1:p =
0.010). ALANOVA models were tested for interaction between habitat-species and location;

however, the interaction was not significant in any of the four models.
Effect of habitat-size, nutritional quality and location

Linear models of fresh weight and C:N ratio with diversity and abundance are shown in Fig. 5 to
illustrate habitat-specific trends; however, statistical significance was assessed using
Spearman’s rank correlation, because of small sample size and non-normal distribution of
variables. Across both habitat-species, all diversity indices showed positive trends with both

fresh weight and C:N ratio (Fig. 5a and 5b). Fresh weight was significantly positively correlated



with individual abundance (p <0.001) and taxa richness (p = 0.001) for Zostera but showed no
significant correlation with diversity indices or abundance for Sargassum. However, there was a
bordering trend of increasing taxa richness with fresh weight for Sargassum (p = 0.066) (Fig. 5a).
C:N ratio exhibited no significant correlation with abundance for either habitat-species.
However, for Sargassum, C:N ratio was positively correlated with evenness (p = 0.032) and taxa
richness (p = 0.045) and showed a borderline positive correlation with Shannon-Wiener diversity
(p=0.059) (Fig. 5b). No significant relationships were found between C:N ratio and individual

abundance nor diversity indices for Zostera.
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Figure 5 Scatter plots with points and linear regression models for Zostera (green) and Sargassum (blue) between (a)
fresh weight (g) and (b) C:N ratio with: Shannon-Wiener diversity, evenness, taxa richness and individual abundance.
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p <0.001 (***) and ~ indicates borderline significance.

According to AICc models accounting for all variables (location, C:N ratio and fresh weight),
location best explained Shannon-Wiener diversity (p <0.001) and evenness (p <0.001) for
Zostera, whereas fresh weight best explained taxa richness (p = 0.027) and abundance (p =
0.002). For Sargassum, C:N ratio best explained Shannon-Wiener diversity (p = 0.002), evenness
(p=0.003), as well as individual abundance (p = 0.019). Neither location, C:N ratio or fresh

weight were keptin the Sargassum taxa richness model.
Community composition

The five most dominating taxa overall (across habitat-species and locations) were Mytilus edulis,
juvenile (juv.) Rissoa spp., and indetermined juvenile (indet. juv.) bivalves, gastropods and
amphipods, with counts and relative abundances of respectively 43,776 (36.6%), 16,240
(13.6%), 12,864 (10.7%), 11,736 (9,8%) and 8,616 (7.2%) (Table 2). M. edulis, Rissoa spp. (juv.)

and amphipods (indet. juv.) were among the top five most dominating taxa for both habitat-



species. Including indetermined juvenile bivalves and gastropods for Sargassum, and barnacles

(Cirripedia indet.) and Ischyroceridae (indet. juv.) for Zostera.

Table 2 Excerpt from species list for all locations, sorted by most abundant taxa. Full species list provided in Appendix

l.

Species 3-letter Habitat Found in Total % of total %
code specificity locations count individuals occurrence
(n=119740) in samples

(n=24)

Mytilus edulis MYT 1,2,3,4 43,776 36.6 100.0

Rissoa spp. juv. RIS 1,2,3,4 16,240 13.6 100.0

Bivalvia indet. juv. BIV Sargassum 1,2,3,4 12,864 10.7 58.3

Gastropoda indet. GAS Sargassum 1,2,3,4 11,736 9.8 100.0

juv.

Amphipoda indet. AMI 1,2,3,4 8,616 7.2 87.5

juv.

Ischyroceridae ISC 1,2,3,4 6,624 5.5 100.0

indet.

Aoridae indet. AOR 1,2,3,4 2,680 2.2 91.7

Cirripedia indet. CIR Zostera 1,2,3 2,592 2.2 54.2

Taxa specific to Zostera (9 in total) included Jassa falcata (8 individuals), Cirripedia indet. (2,592
individuals), Myidae indet. (1,685 individuals), Sabellidae indet. juv. (85 individuals), Eualus sp.
(21 individuals), Microdeutopus sp. (16 individuals), Eualus pusiolus (5 individuals),
Nudibranchia (indet. juv.) (4 individuals) and Polybius navigator (3 individuals). Taxa specific to
Sargassum (15 in total) included indetermined juvenile bivalves (12,864 individuals) and
gastropods (11,736 individuals), Stenothoidae indet. (2,305 individuals), Nereididae indet. (181
individuals), Omalogyra atomus (64 individuals), Gammaridae indet. (49 individuals),
Gammarus locusta (38 individuals), Apherusa bispinosa (32 individuals), Iphimedia obesa (32
individuals), Polychaeta indet. (19 individuals), Ericthonius rubricornis (16 individuals), Lacuna
pallidula (7 individuals), Onoba sp. (6 individuals), fish (Pisces indet. juv.) (7 individuals) and

Idotea granulosa (5 individuals).

Juvenile Rissoa spp., and indetermined juvenile gastropods and amphipods were in the top five

most dominating taxa for all locations. The remaining most abundant taxa for each location is



bivalves (indet. juv) and Halacaridae (indet.) for location 1, Ischyroceridae (indet. juv.) and M.
edulis for location 2, Corophiidae (juv. indet) and Stenothoidae (indet.) for location 3, and

Bittium reticulatum and Halacaridae (indet.) for location 4.

Non-metric multidimensional scaling (NMDS-stress = 0.078) show stronger clustering for
locations than habitat-species, but with overlap between location 3 and 4 (Fig. 6b). The fauna
communities associated with the two habitat-species are not entirely separated but also show
distinct clustering (Fig. 6a). PERMANOVA reveal that both habitat-species (p =0.001) and
location (p = 0.001) significantly explain community composition. PERMANOVA tested for

interaction habitat-species and location (p = 0.005) was also significant.
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(blue). 3-letter codes (in blue) represent taxa, corresponding names found in species list (Appendix I).

Relative abundance of species groups showed similar patterns for the habitat-species within
locations and differed more between locations than between habitat-species (Fig. 7). Relative
abundance of gastropods increased from NE (location 1) to SW (location 4). Relative abundance
of bivalves decreased from NE to SW, with strong dominance of bivalves in location 1.
Difference between habitat-species was largest at location 2 —where the dominating species

group for Sargassum was amphipods, while bivalves and barnacles (Cirripedia indet.) were most



abundant for Zostera (Fig. 7a). This was also the location with largest difference in fresh weight

between the two habitat-species; however, taxa richness was almost the same (Fig. 7b, see also
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Figure 7 Bar plots showing relative abundance of main taxonomic groups (amphipoda, bivalvia, cirripedia, gastropoda,
insecta, oligochaeta, other, polychaeta) for Sargassum and Zostera across site locations standardised to (a) 100% and
(b) fresh weight of habitat-species. Numbers above bars represent the average taxa richness. “Other” category is all

groups with less than 0.5% contribution of abundance at the specific habitat-species and location combination.

Species groups abundance and richness

Gastropod abundance increased from NE to SW, with higher abundance for Sargassum overall
(p=0.002) (Fig. 8d). Amphipod richness displayed a similar pattern, also with higher taxa
richness for Sargassum overall (p = 0.012) (Fig. 9b). Amphipod (p = 0.045) and bivalve (p < 0.001)
abundance was higher overall for Sargassum - with significantly higher abundances of
amphipods for Sargassum at location 2 compared to location 1 and 4 (1-2: p=0.082;2-4:p =
0.079) and of bivalves for Sargassum at location 1 compared to all other locations (1-2: p=

0.005; 1-3: p = 0.002; 1-4: p = 0.002) (Fig. 8¢ and 8e).

There was a peak of crustacean (other than amphipod) abundance at location 2 for Zostera
where the dominating taxon was barnacles (Cirripedia indet.) (Fig. 8b). Abundance of

crustaceans (other than amphipods) was significant for location (p = 0.018), however there was



no significant interaction with habitat-species and location, nor any significant pairwise
comparisons between locations. Abundance of polychaeta was significantly higher at location 2
and4than1and3 (2-1: p=0.014;4-1: p=0.020; 3-2: p =0.031; 4-3: p=0.045) but with no clear
pattern between habitat-species (Fig. 8a). Gastropod richness was higher overall for Sargassum
(p=0.010), with highest taxa richness found in location 3 and lowest in location 1 (3-1: p = 0.046)
(Fig. 9a). Bivalve richness was generally low, but with significant difference between locations (p
=0.005), where bivalve richness at location 2 was higher comparedto 3 and 4 (2-3: p = 0.026; 2-
4:p=0.026) (Fig. 9c). | found no significant variation between habitat-species, location or their

interaction for polychaeta richness or crustacean (other than amphipod) richness.
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Figure 8 Species group abundances for Zostera (green) and Sargassum (blue) across site locations. Significance
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C:N ratio was not significantly correlated with abundance or richness for any of the species
groups. Positive relationships were found between species groups abundance andrichness and
fresh weight for both habitat-species. Polychaeta abundance was positively correlated with
fresh weight for Sargassum (p = 0.007) and Zostera (p <0.001). However, polychaeta richness
was positively correlated with fresh weight only for Zostera (p = 0.021). Amphipod abundance
showed a positive correlation with Zostera fresh weight (p <0.001), while amphipod richness
was also positively correlated for Zostera (p = 0.022), and marginally so for Sargassum (p =
0.063). Gastropod abundance was positively correlated with fresh weight for both Sargassum (p

=(0.028) and Zostera (p = 0.005).
Discussion

The aim of this study was to investigate the difference in faunal diversity and abundances as well
as community composition between Sargassum to that of the native Zostera within eelgrass
meadows, as a baseline to understand the ecological consequences of the introduction of
Sargassum within these habitats. This is particularly important to investigate in a time where
eelgrass meadows are in decline globally, as well as in the studied areas, where the introduction
of Sargassum may pose an additional threat to Zostera ecosystems and the fauna associated
with them (Dunic et al., 2021; Rinde et al., 2021). Here, | discuss the ecological implications of
my findings considering habitat characteristics, site-specific conditions, and patterns of habitat-

specific taxa.
Habitat-size and nutritional quality

There was no significant difference in fresh weight between the two habitat-species. Thallus
length was similar for Sargassum across locations, but there was a trend of increasing fresh
weight from NE (location 1) to SW (location 4), parallel to a trend of longer and wider leaves of
Zostera. Additionally, Zostera showed a peak of fresh weight at location 2, which seemed to
relate to the high shoot density at the site. C:N ratio was generally higher for Sargassum, with a

significantly lower C:N ratio at location 1, where it was even lower than that of Zostera.

Although the fresh weight was similar between the two habitat-species, a direct comparison of
fresh weight per areal unit is challenging due to their different growth forms. In this study, fresh
weight of Sargassum was not standardised to area, as was done for Zostera using shoot density.
This is due to difficulty in defining a sampling area given that the thallus has a large
circumference, whereas the holdfast takes up a small area, and that sampling using a fixed

diameter would likely have included Zostera shoots, confounding comparisons. Therefore, when



comparing fresh weight, it is important to consider that Sargassum likely offers greater biomass

per areal unit, related to its holdfast’s small footprint within the meadow.

Time of sampling may have influenced the geographical trend of fresh weight, as locations 3 and
4 were collected a month later than locations 1 and 2. However, the effect of sampling time was
not tested for in this study. Apart from sampling time, the observed patterns of fresh weight and
C:N ratio may reflect species-specific growth and assimilation strategies in response to
environmental conditions such as temperature, nutrient availability, tidal regime, exposure,
substrate and light availability (Arenas et al., 2002; Boyé et al., 2022; Marba et al., 2004;
Pedersen et al., 2005). Aboveground biomass of Zostera is linked to shoot density, as well as the
length and width of shoots (Boyé et al., 2022). There was a trend of slight increase in fresh
weight, as well as leaf length and width from NE (location 1) to SW (location 4). However, shoot
density varied most — where the peak of fresh weight for Zostera at location 2 seems to relate to
the high shoot density at the site, which was 450 shoots/m?, comparedto 170 shoots/m? at the
next highest site (location 3). Shoot density may be driven by local environmental conditions
such as higher water temperatures, which is known to enhance growth, and low exposure, which
is associated with higher above to belowground allocation (Baden & Pihl, 1984; Marba et al.,
2004). For Sargassum, biomass is correlated with both thallus length, canopy volume and
branching density (Hacker & Steneck, 1990; Wernberg et al., 2001). Length was relatively
consistent across locations and my findings of thalli length were shorter compared to other
studies, which might relate to smaller hard-surface substrates for holdfasts within soft-
sediment habitats (Sjgtun et al., 2021; Tweedley et al., 2008; Wernberg et al., 2001). While
length of thalli was similar across locations, fresh weight varied (though not significantly),
suggesting a difference of length to volume and/or density relationship between locations. This
aligns with the findings of Sjgtun et al. (2021), who reported large variation in branching densities
across sampling stations. Higher branching densities have been associated with higher
exposure, which may have contributed to observed differences in fresh weight compared to

length of thalli across locations (Baer & Stengel, 2010).

In terms of nutrient assimilation, the two habitat-species are morphologically and taxonomically
very different. Zostera has the possibility of nutrient uptake both from the sediment and water
phase, whereas Sargassum only from the water phase (Short & McRoy, 1984). The observed shift
in C:N ratio at location 1, may relate to the higher total nitrogen values at the site. In low-nitrogen
environments, seagrasses have a competitive advantage in nitrogen assimilation to seaweeds,
as they respond more quickly to surges of nitrogen (Alexandre et al., 2017). In contrast, nitrogen

uptake by Sargassum is favoured with high nutrient loads over time, and macroalgae generally



assimilate more nitrogen compared to seagrass in such conditions (Dillon & Chanton, 2008;

Incera etal., 2009).
Mesofauna abundance and diversity

Mesofauna abundance and diversity varied between both habitat-species and locations.
Diversity was lowest at location 1, in terms of taxa richness, evenness and Shannon-Wiener
diversity, which was related to the high dominance of juvenile bivalves at the site. Taxa richness
was similar between the habitat-species, but evenness and Shannon-Wiener diversity was
higher overall for Zostera. Individual abundance, however, was markedly higher overall for

Sargassum.

Different studies have found both lower and higher diversity of associated fauna with Sargassum
compared to native macrophytes, where higher diversity is usually linked to dominant taxa
groups (Belattmania et al., 2018; Salvaterra et al., 2013; Thomsen et al., 2012). My findings of
taxa richness for Sargassum were at the lower end of the range reported in previous studies from
Norway but slightly exceeded values observed in Danish waters (Sjgtun et al., 2021; Wernberg et
al., 2004). Abundance of individuals, however, was substantially higher than both reports, which
is likely due to the smaller mesh size used in this study (0,25 mm compared to 0,5 and Tmm).
For Zostera, individual abundance was at the lower range of previous studies, while taxa
richness was markedly lower (Baden & Bostrom, 2001; Fredriksen et al., 2005). This gap may be
explained by the high proportion of juvenile taxa, and an overall lower taxonomic resolution
which may underestimate taxa richness. However, these numbers should still be comparable
between the two habitat-species in this study. The lower individual abundance for Zostera in this
study (compared to meadows with no Sargassum presence and same mesh size for fauna), may
indicate that the co-occurrence of the two habitat-species influences the distribution and
perhaps total abundance of individuals associated with a Zostera meadow. This aligns with the
findings of DeAmicis and Foggo (2015) that found that the associated epibiota assemblages
differed with the presence of Sargassum in species composition, but mostly in biomass

distribution.

Although Sargassum supported slightly higher average taxa richness (20 + 3, comparedto 18+ 4
for Zostera), overall taxa richness was best explained by location, with lowest richness at
location 1. The low diversity (richness, evenness and Shannon-Wiener diversity) observed at
location 1, likely reflects lower habitat fresh weight and reduced evenness due to dominance of
juvenile bivalves (likely juvenile M. edulis) at the site. Their high abundance may be linked to site-

specific factors such as the locations position, wave exposure, and wave impact due to nearby



ship traffic. Due to the poor-swimming ability of the larvae, larval settlementis influenced by
currents and passive depositional forces (Butman, 1989). The combination of high local
retention of blue mussel larvae in the area, as well as the exposure and wave impact at the site,
may explain the high bivalve abundances found here (Gullstrom et al., 2012; Gustafsson et al.,

2024; Kitching, 1937; Muntz et al., 1965).

The low evenness observed for Sargassum, despite its similartaxa richness to Zostera, likely
underlies its lower Shannon-Wiener diversity. The pattern of low evenness and high abundances
may be explained by Sargassum’s habitat architecture. Higher faunal abundances and lower
evenness has been associated with branched macroalgae and bushy substrates, compared to
simpler habitat-structures and macrophytes (Christie et al., 2007; Hacker & Steneck, 1990;
Parker et al.,2001; Taylor & Cole, 1994). The dense branching as well as a higher observed cover
of filamentous algae of Sargassum, can provide additional refugia and niche space for small
invertebrates, increase variety of food organisms, more suitable feeding surfaces, as well as
reducing wave impact (Dean & Connell, 1987; Gartner et al., 2013; Kraufvelin & Salovius, 2004;
Taylor & Cole, 1994). Bivalve abundances, has also been associated with more complex habitat
structures (Christie et al., 2007). This may explain the particularly high abundances of juvenile
bivalves on Sargassum at location 1, where the difference in complexity of the two habitat-

species may have been exaggerated by the low shoot density and length of Zostera.
Effect of habitat-size, nutritional quality and location

Variation in mesofauna abundance and diversity within each habitat-species was partially
explained by habitat characteristics and location, but the strength and relevance of each
predictor varied between Zostera and Sargassum. For Zostera, fresh weight was the most
important predictor for taxa richness and individual abundance, where there was a positive
correlation with both indices with fresh weight. Shannon-Wiener diversity and evenness was
best described by location, which seemed to relate to the large variation in evenness across
locations. For Sargassum, C:N ratio was the most consistent predictor, where lower C:N ratios,
indicating higher nutritional quality, correlated with higher individual abundances, and the
higher C:N ratios, indicating lower nutritional quality, with lower evenness and Shannon-Wiener

diversity. In terms of taxa richness, no predictors were keptin the best fit model.

Abundance and diversity of fauna is generally found to increase with habitat size, which aligns
with the correlation of fresh weight with Zostera found in this study (Christie et al., 2009; Rodil et
al., 2021). However, no such correlation was found for Sargassum. The lack of correlation may

be due to an asymptotic relationship or “saturation” effect, where biomass beyond a certain



threshold does not support further increase in individuals (Sjgtun et al., 2021). Additionally,
Sargassum fresh weight had little variation compared to Zostera, which may have limited the
ability to observe any potential relationship between biomass and individual abundance. The
lack of variation in Sargassum fresh weight might relate to the shorter length of thalli within soft-
sediment habitats where the observed fresh weight might reflect an upper limit within these

habitats.

The smaller range in C:N ratio might also be related to the lack of correlation between C:N ratio
and diversity and individual abundance for Zostera, although C:N ratio was lower overall for
Zostera compared to Sargassum. However, this relationship might also be related to the fact that
the majority of small grazing invertebrates graze on epiphytes and detritus rather than the
seagrass themselves because the cellulose-rich leaves make them difficult to digest (Duarte,
1990; France, 2015; Thayer et al., 1984). Although, grazers have been found to generally prefer
native seaweeds over Sargassum, C:N ratio was the most consistent predictor, indicating a more
important role of Sargassum as a food source for fauna within seagrass meadows. This aligns
with previous studies which have found that 98% of the fauna associated with Sargassum are
usually herbivorous (Viejo, 1999). However, the strength and significance of the relationships
differed among diversity indices and statistical tests. Because C:N ratio was slightly collinear
with location, the strength of correlation of C:N ratio with abundance and diversity might be
exaggerated. The collinearity is due to the especially low C:N ratio values and very high
abundance (mainly of juvenile bivalves) for Sargassum at location 1. Lower C:N ratio was
consistently associated with evenness across tests which suggests that nutritional quality
predominantly affects the dominance structure of the associated community. Since gastropods,
bivalves and many amphipods, which are the most abundant species groups for Sargassum
across locations, are mostly grazers, detritus-feeding or filter-feeding, the lower nutritional
quality of Sargassum and its detritus may reduce the dominance of these groups, and

consequently increase evenness (Steneck & Watling, 1982; Valentine & Heck, 1993).

Although both fresh weight (bordering on significance) and C:N ratio (significant) were both
weakly positively correlated with taxa richness for Sargassum, neither were kept as predictors in
the best fit model. These patterns suggest that other habitat-specific variables not measured or
tested for in this study, may explain the variation in taxa richness associated with Sargassum
better. Such as the previously discussed habitat-complexity (i.e. branching density or epiphytic
and filamentous algae cover), which fresh weight might not accurately portray. Other variables
which may explain the associated taxa richness are rate of production or nutritional quality of

the macroalgal detritus, or the content of secondary metabolites which may deter grazers or



settlement of larvae (Hay & Fenical, 1992; Leduc & Probert, 2009; Norderhaug et al., 2003;
Williams, 1964).

Community composition

Community composition varied between both habitat-species and locations, which is
consistent with findings of other studies (Buschbaum et al., 2006; Engelen et al., 2013; Sjgtun et
al., 2021). Location seemed to be the mostimportant factor in structuring the associated faunal
assemblage, with a more distinct pattern of community composition between locations
compared to between habitat-species within locations. It should be noted that the degree of
dissimilarity between Sargassum and Zostera associated communities may have been even
larger, due to the presence of Zostera within some Sargassum samples. There was also a
significant interaction between habitat-species and location in PERMANOVA-analysis, which
suggests that site-specific variables may exaggerate or lessen the difference between
associated faunal assemblages. For example, environmental variables related to different
growth or assimilation strategies in the two habitat-species, as discussed in the first section.

However, these variables were not tested for in the present study.

Bivalves, gastropods and amphipods comprised most of the individuals for both habitat-species
across locations, which are typically the taxa associated with Zostera meadows (Virnstein et al.,
1984). The presence or absence of a species in a habitat, is dependent on both site-specific
variables such as the primary production, exposure or sediment quality, as well as species-
specific variables, such as the physiological tolerances of the taxa and distribution and settling
patterns of juvenile larvae (Bostrom et al., 2006; Guidetti & Bussotti, 2000; Gullstrom et al.,
2012; Heck & Wetstone, 1977; Isaksson & Pihl, 1992; Roughgarden et al., 1985; Virnstein et al.,
1984). Community composition across location seemed to reflect the geographical distribution
and the environmental variables across the sites. There was a closer NMDS-clustering proximity
for location 1 and 2, as well as between location 2 to location 3 and 4. Location 3 and 4 has had
similar community composition, with a dominance of gastropods at both locations. As well as
close geographical proximity, these locations had more similar exposure, salinity, nitrogen-
values and temperature. Location 1 and 2 had more different community compositions, with a
dominance of bivalves at location 1, and bivalves as well as amphipods at location 2. These
locations are geographically more distant and differ more in environmental variables. The
difference between the locations may also be related to the large difference in Zostera fresh
weight between sites, which has been suggested as the mostimportant factor explaining

differences in community composition between Zostera meadows (Attrill et al., 2000).



Though some overlap was observed, Sargassum and Zostera supported distinct faunal
communities, which is consistent with the findings of other studies comparing Sargassum
faunal communities with that of native seagrasses (Belattmania et al., 2018; DeAmicis & Foggo,
2015; Nohrén & Odelgard, 2010). The majority of taxa were not associated with one or the other
habitat, suggesting that most taxa are generalist species. The small number of specialised fauna
in marine compared to terrestrial systems has been linked to the dominance of generalist
herbivores (Hay et al., 1990). Specialist fauna may also be generalist in terms of being
associated to epiphyte growing on the macrophytes, rather than the macrophytes themselves
(Armitage & Sjgtun, 2016; Viejo, 1999). Although most taxa were generalist, | found affinities of
some taxa to Zostera and Sargassum, with more taxa being associated with the latter (15

compared to 9 taxa).

Some taxa may be incorrectly associated with habitat-species, because of the calculation
method, the overall higher individual abundances of Sargassum, or limitations in sampling and
identification effort. The habitat-affinities should therefore be interpreted with caution. For
example, juvenile bivalves which are associated with Sargassum were found in very high
abundances on Sargassum at location 1 but made up an equal proportion of relative
abundances for Zostera at the location, and even higher relative abundances for Zostera at
location 2. Another example is, Jassa falcata, which | found association to for Zostera but is
usually associated with Fucus serratus when directly comparing these two habitat-species
(Fredriksen et al., 2005; Nilsen, 2007). Taxa living on or within sediment, such as the bivalve
Myidae indet., could wrongfully be associated with Zostera due to upwelling of sand during
sampling efforts (Tyler-Walters, 2003). Moreover, as fauna samples were sub-sampled, some

associations may be due to overestimation of individual numbers.

Most species associated with Sargassum were gastropods and amphipods, whereas
crustaceans were most typical for Zostera (Cirripedia indet., Polybius navigator, Eualus sp.,
Microdeutopus sp. and Jassa falcata). Microdeutopus Gryllotalpa has been associated with
Zostera (Fredriksen et al., 2005; Hayward & Ryland, 2017). Several of the species associated
with Sargassum in my studies, are typically associated with seaweeds or Fucus serratus
specifically, such as Lacuna pallidula, Idotea granulosa and the amphipod taxa Stenothoidae
and Gammarus locusta (Fredriksen et al., 2005; Hayward & Ryland, 2017; Southgate, 1982).
Nohrén et al. (2010) also found that F. serratus and Sargassum had the most similar community
composition, in terms of biomass and abundance, when compared to Zostera and filamentous
algae. Other species with affinities to Sargassum in this study are typically associated with the

holdfast of seaweeds, such as Apherusa bispinosa (Hayward & Ryland, 2017; Norderhaug et al.,



2002). These findings suggest that within a Zostera meadow, Sargassum may serve a similar
ecological role forfauna as F. serratus and other seaweeds, potentially offering a more suitable

habitat for fauna typically associated with seaweeds.

The association of species with one over the other habitat-species may be related to predator-
prey dynamics. Rather than choosing habitat according to macrophyte identity, invertebrate
fauna has been found to choose habitats of increased complexity (due to branching or higher
filamentous algae cover) which enhances survival by offering refuge from predation. (Dean &
Connell, 1987; Moksnes et al., 1998; Russo, 1987). In this study, fish (Pisces indet.) were
associated with Sargassum, which had the highest abundance of gastropods and amphipods,
an important part of the diet for many marine predators (Vazquez-Luis et al., 2013). Atthe same
time, high densities of vegetation can also reduce the predation success of fish (Isaksson & Pihl,
1992). The combination of higher prey availability, as well as enhanced shelter from predation,
may explain the high faunal abundances, as well as the higher number of associated species on

Sargassum.

Barnacles (Cirripedia indet.) were associated with Zostera, with a particularly high abundance at
location 2. This location also exhibited the most pronounced differences in community
composition between the two habitat-species, in terms of relative abundances of species
groups. The higher dissimilarity between the two habitat-species at this location, might relate to
the large difference in fresh weight at the site, which in turn was related to the high shoot density
of Zostera. In addition to barnacles, Zostera also had high relative abundances of bivalves at this
location. Filter feeders, such as these two taxa, have been found in higher abundances with
higher shoot density of Zostera (Gullstrom et al., 2012). Unlike macroalgal canopies, which have
been suggested to negatively affect barnacle recruitment due to reduced water flow, a more
open structure such as that of Zostera has been found to benefits sessile filter-feeding taxa,
perhaps by allowing higher water flow and transport of food particles (Beermann etal., 2013;

Sjegtun et al., 2021).
Species groups abundance and richness

Species group richness and abundance were influenced by both habitat-species and location,
but location was the mostconsistent driver of variation. Some species groups, such as gastropod
abundance and amphipod richness, displayed a gradual increase across locations from NE
(location 1) to SW (location 4). Other species groups displayed peaks at locations, within habitat-
species, such as amphipods for Sargassum at location 3, and the previously discussed bivalves

at location 1 for Sargassum and crustaceans (dominated by barnacles) for Zostera at location 2.



Sargassum supported higher abundance and richness for most species groups, however Zostera
had highest abundance of crustaceans. In terms of habitat-characteristics, fresh weight was the
only significant predictor, with positive correlation with some species groups for both habitat-

species, but more groups correlating with fresh weight for Zostera.

The trend of increasing abundance and richness of some species groups across locations
appears to mirror the increase in fresh weight across locations. Gastropod abundance and
amphipod richness did indeed correlate positively with increasing fresh weight for both habitat-
species. The trend may also be linked to the observed increase in filamentous algae cover across
locations, providing more food for grazers such as gastropods, as well as increased niche space

(Heck & Valentineg, 2006).

Some species groups, such as polychaeta richness and amphipod abundance, only positively
correlated with Zostera fresh weight. This aligns with the finding that fresh weight was a stronger
predictor of overall abundance and diversity for Zostera than Sargassum. The stronger
association with Zostera fresh weight and fauna might relate to it being a more stable habitat
across seasons, as northern Zostera populations in stable environments are found to maintain a
large overwintering biomass (Clausen et al., 2014; Pedersen & Borum, 1993; Tornblom &
Sgndergaard, 1999). In contrast, the thallus of Sargassum is shed every autumn, which might
not give sufficient time for less mobile taxa such as polychaeta, or taxa without a larval stage, to
respond to the increased fresh weight of Sargassum within one season (Nohrén & Odelgard,
2010). For example the polychaete genus Sabellidae, which are associated with Zostera in this
study, of which some species have no larval stage (Hill et al., 2018). Although adult gastropods
also have low mobility, the larval stage facilitates colonisation, which might explain the higher
abundances and taxa richness associated with Sargassum despite its short-lived thalli
(Hadfield, 1986). Other groups, such as crustaceans and amphipods, have been found to
colonise new habitat more quickly, either by active swimming or passive transport with currents,
and may therefore still be found in high abundances on Sargassum (Russell et al., 2005). Over
longer timescales, however, more locally-bound species (i.e. species with no larval stage or
migration into deeper waters in winter) are dependent on a stable habitat to maintain their local

populations (Christie, 2025).

Interestingly, although overall diversity indices and abundance was associated with C:N ratio, no
species groups were correlated with C:N ratio for either Zostera or Sargassum. This suggests
that grouping species by taxonomy, may not thoroughly explain the response of fauna with

increased nutritional quality. Sargassum has a fast biomass turnover and a large proportion of its



production is found to be channelled directly into detritus pools (Pedersen et al., 2005). Lower
C:N ratios may be associated with higher abundances not only of grazers, but also detritivores or
filter-feeding species (Baden & Bostrom, 2001; Duggins et al., 1989; Walton et al., 2022).
Therefore, the relationship between the C:N ratio of Sargassum and fauna abundance and
diversity might be more apparent if fauna are grouped by functional feeding groups rather than

taxonomic classifications as in this study.
Conclusion

This study highlights how both habitat-specific traits, like nutritional value and habitat-size, as
well as site specific environmental conditions shape the faunal abundance, diversity and
composition associated with Sargassum and Zostera within eelgrass meadows. Sargassum
supports a different community composition to Zostera, with higher faunal abundances and
species group richness, but lower evenness and Shannon-Wiener diversity, indicating a higher

dominance of certain taxa.

The presence of Sargassum provides habitat heterogeneity and an additional food source within
a Zostera meadow, offering a potentially more suitable habitat for grazers and detritus-
dependent species, as well as seaweed-associated fauna. However, as the individual
abundances associated with Zostera in this study were lower compared to studies without
presence of Sargassum, this could suggest a potential change in distribution or overall reduction
of individuals within the Zostera meadow. If Sargassum continues to expand within these
habitats, this observed shift in faunal abundance, combined with its distinct faunal assemblage,
could lead to shiftin community composition and dominant feeding groups, potentially
impacting the trophic interactions and overall food web structure associated with Zostera

meadows.

Moreover, the short-lived Sargassum thalli within an eelgrass meadow, provides only a short-
term habitat for fauna, potentially to the disadvantage of more locally bound species. Its
presence may also indirectly impact Zostera and its associated fauna, by shading and reduced
primary production, or inhibiting re-growth of Zostera where it has established its holdfast.
Further studies are needed to determine the long-term effect of its presence on overall Zostera
distribution and growth within a meadow, as well as the long-term effect on faunal community,
abundance and diversity within Zostera meadows, particularly regarding its short-lived nature as

habitat.
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Appendix | Species list for all locations, sorted by most abundant taxa, including 3-letter code, habitat-
specificity of taxa, which locations taxa are found in, total count, relative abundance (n =119740) and

percentage occurrence in samples (n =24).
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Microdeutopus
gryllotalpa

Sabellidae indet. juv.
Ampithoe rubricata
Omalogyra atomus
Gammaridae indet.
Apherusasp.
Gammarus locusta

Apherusabispinosa

Ericthonius punctatus
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code
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oLl

MIC

SAJ

AMP

OMA

GAl
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4.2

4.2

37.5

25.0

4.2

8.3

20.8

8.3

16.7

4.2

8.3

12.5

4.2

12.5

8.3

8.3

8.3

4.2

4.2

8.3

8.3

4.2

8.3

4.2

4.2

4.2

4.2

4.2

4.2




Hemiaclis ventrosa

Hippolyte varians

Idotea balthica

Idotea sp.

Iphimedia sp.

Jaera sp.

Lacunaparva

Lacunavincta

Littorina littorea

Musculus sp.

Orbiniidae indet.

Palaemon adspersus

Palaemon sp.

Philocheras
trispinosus

Platyhelminthes
indet.

Platyhelminthes
indet. juv.

Pomatoschistus
pictus

Praunus inermis

Pycnogonidaindet.

Veneridae indet.

HEM

HIP

IBA

IDS

IPS

JAE

LAV

LIL

MUS

ORB

PAL

PAS

PHI

PLA

PL)

POM

PRA

PYC

VEN

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2

4.2
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