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Restored seagrass rapidly provides high-quality habitat
for mobile animals
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Restoring seagrasses provides habitat for animals, many of which play vital roles in the maintenance, persistence, and resilience
of seagrass habitat. Understanding how the maturity of restored seagrass habitats influences the colonization and condition of
associated animal communities can provide insights to inform restoration methods and improve outcomes. We surveyed mobile
fauna at 132 sites in Vejle fjord, Denmark, in natural seagrass, bare sand, and restored seagrass (Zostera marina; eelgrass).
Seagrass was transplanted 1, 2, 3, or 4 years ago (2019-2022). In addition to abundance and diversity metrics, we quantified individ-
ual condition metrics, and conducted metabolomic analysis on lesser pipefish (Syngnathus rostellatus). Seagrass-associated species
rapidly colonized restored habitats, such as common periwinkles and Baltic prawns. Bare sites and 1-year-old sites harbored very
similar communities. A distinct shift thereafter saw restored communities converge irrespective of habitat age, and were similar
to natural sites. We observed species-specific trends in abundance related to seagrass cover that were positive, negative, or unimodal;
abundance was highest when seagrass cover was intermediate (approximately 45-70 % ). Morphometric indices for three fish species,
and metabolomic profiles for lesser pipefish, did not differ among sites. Our study adds to the growing body of literature showing
rapid faunal colonization of restored Z. marina habitats, particularly when restored in close proximity to natural eelgrass. This
provides impetus for continued investments in eelgrass restoration and suggests little need for building in time lags when including
biodiversity benefits of seagrass restoration in natural capital assessments for this species.
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as a conservation strategy to mitigate and reverse habitat loss and
reinstate the services upon which humans rely (Reynolds
etal. 2016; Bayraktarov et al. 2020; Buelow et al. 2022). In accor-
dance with initiatives such as the UN Decade on Ecosystem
Restoration (2021-2030), the Kunming-Montreal Global
Biodiversity Framework, and the EU Nature Restoration Law
(Hering et al. 2023), the need for additional resources to scale-
up restoration is ever increasing (Young & Schwartz 2019;
Waltham et al. 2020). Doing so requires understanding how
past restoration actions led to changes in habitat structure and

Implications for Practice

e Transplanting Zostera marina can quickly provide habi-
tat that supports comparable animal communities and
populations to natural meadows.

e Transplanting near (e.g., <50 m) existing meadows likely
increases the rate in which animals colonize restored
habitats.

e It may be unnecessary to build in time lags when includ-
ing biodiversity benefits for eelgrass-associated species in
natural capital assessments of eelgrass habitats.

e Future assessments of how restoration affects the biolog-

ical community should include measurements of the
health and condition of individuals.

e Discerning whether species that prefer bare areas still
benefit from seagrass restoration via subsidies is an
important research area.

Introduction

Seagrass ecosystems are highly productive coastal habitats that
harbor diverse marine life and provide important ecosystem ser-
vices (Mtwana Nordlund et al. 2016; Sievers et al. 2019). Yet
these critical habitats have suffered long-standing losses and deg-
radation due to anthropogenic pressures such as coastal develop-
ment, pollution, and climate change (Dunic et al. 2021). As a
consequence, seagrass restoration efforts have increased globally,
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Macrofaunal use of restored eelgrass

how restored sites support associated animal communities.
Understanding how biological communities are affected by
restoration is important to both rebuild ecosystem services
(e.g., fishery support) and persistent and resistant ecosystems
(Valdez et al. 2020; Sievers et al. 2022). The success of
seagrass restoration initiatives is contingent upon the ability of a
restoration to support diverse animal communities. There remains
a need to further develop our understanding of how animals col-
onize and utilize restored habitats, particularly in relation to site
maturity and the condition of the resident animals.
Space-for-time designs can evaluate how site maturity influ-
ences species colonization and occupation among sites of differ-
ent ages simultaneously, reducing resource demands and the
influence of confounding variables known to drive considerable
year-to-year variability within sites (Pickett 1989; Steinfurth
et al. 2022; Gagnon et al. 2023). It is particularly useful for eval-
uating species with greater site fidelity, such as pipefish (Vincent
et al. 1995; Monteiro et al. 2005). As restored seagrass habitat
matures over time, it undergoes ecological transitions, which
may have implications for animal colonization and occupation.
For some seagrass species, the colonization of restored sites can
occur in relatively quickly. For instance, infaunal abundance
and composition within restored Amphibolis antarctica in
Australia was similar to natural seagrass sites within 2 years
(Tanner et al. 2021), and recovery of epifaunal richness and abun-
dance in the same region took only 1 year (Mcskimming
etal. 2016). Similarly, faunal density, biodiversity, and functional
diversity in 15-month-old restored Zostera marina plots were
similar to natural sites in Sweden (Gagnon et al. 2023); fish and
invertebrate metrics in transplanted Z. marina sites met and some-
times exceeded reference sites within 2 years in California,
U.S.A. (Beheshti et al. 2021); and faunal community structure
was similar between restored and natural Halodule wrightii in
Texas, U.S.A. after 3-5 years (Sheridan 2004). While faunal met-
rics in restored sites can surpass those in natural comparators
(e.g., Lefcheck et al. 2017; Steinfurth et al. 2022), research shows
that restored sites often do not reach parity with natural reference
sites, even after many years (Sievers et al. 2024). This is likely due
to myriad factors, for example, inappropriate restoration methods
and site placement, a lack of available colonists, and the contin-
ued presence of environmental stressors (Sievers et al. 2024).
While the most common way to monitor animals in restored hab-
itats is to report on population metrics related to abundance, and
community metrics related to diversity (Sievers et al. 2024), to com-
prehensively evaluate the performance of restored sites in support-
ing animals, we also need to determine whether the animals
occupying these sites are in good health (Hale et al. 2020). Restora-
tion sites need to provide a suitable environment for animals to sur-
vive, grow, and reproduce, rather than being sinks that rely on
constant immigration of new animals (Hale et al. 2020). Therefore,
measuring fitness proxies that provide information on a species’
capacity to contribute to population persistence such as the condition
of individuals, would add value to restoration monitoring and should
be added, where possible. For example, (Bell et al. 1993) quantified
both population size and productivity of a polychaete worm in
restored and natural seagrass, finding that reproduction was much
higher in restored sites. In extreme cases, restored sites could attract

animals into restored habitats that lack necessary resources
(Robertson & Hutto 2006; Swearer et al. 2021). For instance, the
structure provided by newly transplanted seagrass might attract fish
but the restored site may not be mature enough to support needed
prey. In such circumstances, relying solely on population level met-
rics can provide dangerously misleading information about habitat
provisioning, leading to the erroneous belief that sites are support-
ing animals and restoration was successful (Sievers et al. 2018).
Despite the importance of investigating individual condition, a
global review of animal responses to coastal restoration found no
studies (up to December 2021) that compared fitness or condition
of animals in restored and reference seagrass sites (Sievers
et al. 2024), although animal fitness and condition has been evalu-
ated in restored saltmarsh and oyster reefs (e.g., Able et al. 2004;
Vivianetal. 2012; Pfirrmann & Seitz 2019). Contribution to popu-
lation persistence can be estimated by measuring individual fitness
(e.g., survival and reproductive rates), but given the difficulty of
quantifying these in situ, measures of individual condition
(e.g., body condition indexes) can be used as proxies (Barnett
et al. 2015). Metabolomic analysis is an alternative technique to
estimate individual condition; it provides a snapshot of the physio-
logical status of animals and is a useful tool for evaluating sublethal
responses to stressors in the field (Melvin et al. 2018; Griffiths
etal. 2020; Zhang et al. 2021).

Here, we aim to elucidate the responses of animals to seagrass
restoration across sites of varying maturity and to contrast these
with natural reference sites and bare controls. We focus efforts
within Vejle fjord, Denmark, where large-scale (Zostera marina,
eelgrass) restoration has occurred since 2019 following wide-
spread losses in preceding decades. Using a space-for-time design
studying restored sites at different stages of development—from
initial establishment to 4 years post-transplantation when sea-
grass cover matched natural patches—we seek to clarify how
the temporal progression of structural recovery influences animals
as individuals, populations, and communities. We hypothesized
that community diversity and population densities for seagrass-
associated species would increase with restored site maturity
(and thus seagrass cover), and would reach parity with natural ref-
erence sites for at least the oldest restored sites. This includes spe-
cies that feed within seagrass (e.g., pipefish), graze on seagrass
epiphytes (e.g., periwinkles), or use seagrass as protection
from predators (e.g., Baltic prawns) (Berglund 1980; Bell &
Westoby 1986; Jaschinski & Sommer 2008; Baden et al.
2012). Alternatively, we hypothesize that species that are
bare-sand specialists (e.g., flatfish), would be less abundant in
more mature and natural seagrass sites (Pinn & Ansell 1993).
Given likely differences in resource availability across sites, we
expected the condition of individuals and their metabolic status
within younger restored sites and bare sites to be lower than those
in older and natural sites.

Methods

Site Description

Surveys were carried out near Sellerup Strand in Vejle fjord,
Denmark (latitude: 55.687; longitude: 9.681; Fig. 1). In the
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Figure 1. Aerial photograph of the study area in Vejle fjord, Denmark (latitude: 55.6865; longitude: 9.6806) taken September 2023. Restored sites are colored

based on how many years ago shoots were transplanted.

reference condition—circa 1900—Zostera marina grew down
to a depth of 9.9 m, while today it only occurs as deep as
25m and with a much lower area-specific coverage
(Timmermann et al. 2020). Although government regulation of
nutrient discharge has reduced the annual nitrogen discharge by
approximately 50% from 1990s levels, eutrophic conditions still fail
to adhere to the European Water Framework Directive. However,
the improvement in water quality has made it possible to restore
seagrass in sites distant from major point sources (Flindt
et al. 2024). Consequently, seagrass has been transplanted in the
Vejle fjord annually since 2019; by 2023 at the time of sampling,
transplanted and natural seagrass were, at times, separated by less
than 1-2 m (Fig. 1). Seagrass cover at sites at the time of sampling
was estimated from photographs of 1-m® quadrats and two
researchers independently estimating cover (with an R of 0.88).

Animal Sampling and Processing

We surveyed mobile fauna in May 2023 at 132 sites that were
within natural seagrass, on bare sand, and in restored seagrass that
was transplanted 1, 2, 3, or 4 years ago (Fig. 1). Sites were a
minimum of 15 m apart and were between 1 and 2 m in depth.
Netting involved pushing a 60-cm-wide shrimp net (mesh size
2 mm) firmly and quickly twice across the substrate along a
3-m long transect (i.e., 3.6 m? total area). This method collects
mobile taxa such as fish, crustaceans, and gastropods, but
excludes infauna and can miss fast swimming species. Between
each netting effort (transects approximately 1.5 m apart), animals
were transferred to a bucket with fresh seawater. On snorkel, the

lead author did all the netting to reduce error associated with
sampling effort, swimming speed and accuracy. Onshore, each
individual animal was photographed and weighed, and identified
to the lowest taxonomic level. Gastropod species were photo-
graphed and weighed as a species-specific population, rather than
individually, due to their high abundance. Photographs were
taken with a ruler in view to allow later measurement using Ima-
gel software. For each site and species, we calculated abundance,
biomass, and community metrics including species richness,
Shannon diversity, and evenness.

For the three most abundant fish species, we calculated Ful-
ton’s K (100 x weight x length®) as measure of body condition
(Nash et al. 2006). For lesser pipefish (Syngnathus rostellatus),
the most abundant fish species collected, and which is within a
genus likely to move smaller distances and be site-attached
(Vincent et al. 1995; Monteiro et al. 2005), we also calculated
the scaled mass index (SMI) as an indicator of body condition
by performing a standard major axis regression on the log of body
mass and body length (smatr package; Warton et al. 2012), and
calculating a beta coefficient which was then used to obtain the
SMI for each fish (Peig & Green 2009; Orford et al. 2022).

Finally, we quantified the metabolite profiles of lesser pipefish.
An individual’s metabolome profile provides a snapshot of their
physiological condition, indicative of dietary changes, environ-
mental conditions, or sublethal effects of stressors. Metabolomic
analysis can identify biochemical changes at the cellular level
which may be useful for assessing resilient estuarine species that
are well adapted to extreme environments (Roessner &
Bowne 2009). Unlike other species, captured lesser pipefish were
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immediately put on ice on the boat and transferred to shore (max
5 minutes). Following weighing and photographing, individuals
were frozen in a liquid nitrogen dry shipper. Samples were
then transferred within 5 hours to a —80°C freezer for 2 weeks
storage prior to lyophilization. In the lab, we dissected the
head of each pipefish (Niora1 = 70: Npare = 2, Niyear-old = 12,
NZ—year—old = 26, N3—year—old =50, N4—yearfold =3, Nnawra = 25)
coarsely ground using a metal spatula. We used heads to not
confound treatment effects based on sampling different repro-
ductive organs or stomachs with different food items (helping
to prevent an influence of metabolites in food that were not
assimilated by the animals). Polar metabolites were extracted
from ground tissue samples using a modified Bligh-Dyer
extraction (Bligh 1959), as previously described (Melvin et al.
2018). Briefly, tissues were homogenized in 400 mL ice-cold
methanol and incubated for 24 hours at —20°C, after which
800 mL chloroform and 300 mL deionized water were added.
The samples were vortexed and centrifuged (16,000 x g for
10 minutes at 4°C), and the polar fraction containing water-
soluble metabolites was partitioned into amber glass vials and
stored at —80°C until further processing.

Prior to analysis, samples were dried using a Series II centrif-
ugal vacuum concentrator (GeneVac Technologies, England)
and metabolites were reconstituted in 200 pL phosphate buffer
made with deuterium oxide (D,0), containing 0.05% sodium-
3-(tri-methylsilyl)-2,2,3,3-tetradeuteriopropionate (TSP) as an
internal standard. The samples were analyzed via proton
Nuclear Magnetic Resonance ('"H NMR) spectroscopy with an
800 MHz Bruker Avance III HDX spectrometer at 298 K, using
D,O0 for field locking and TSP (*H & 0.00) as a chemical shift
indicator. Acquired spectra were manually phased and baseline
adjusted using the ablative algorithm, and normalized and refer-
enced to TSP. Metabolites were identified using Chenomx NMR
suite v10 professional software (Chenomx Inc., Edmonton,
Canada), and resonances corresponding to known metabolites
were manually integrated and exported to excel for multivariate
analysis.

Statistical Analysis

Community composition was compared across treatments
(natural, bare, 1-, 2-, 3-, and 4-year-old restored sites) using
nonmetric multidimensional scaling (NMDS) on untrans-
formed data and using Euclidean distance as the dissimilarity
measure, followed by SIMPER analysis and PERMANOVA
in the vegan package (Oksanen et al. 2013). Differences
among treatments for species richness, Shannon’s diversity,
evenness, population density, and condition metrics were
tested using linear models and analysis of variance, followed
by Tukey HSD tests where appropriate. Across all metrics,
statistical assumptions of normality and homogeneity of
variances were tested using QQ plots and residual
plots, respectively. Where necessary, response variables
were transformed (stated in figures). Metabolomics profiles
(untransformed Pareto-scaled, and log-transformed Pareto-
scaled) were analyzed using SIMPER, as above, and plotted
using principal coordinates analysis. Treatment effects on

individual metabolites (N = 70) were investigated using
linear models and Tukey HSD as above, but with an initial
significance threshold of 0.01 to help control for type I
errors. Statistical analyses were completed using R version
4.1.2 (R Core Team 2022).

Results

Seagrass Cover

Seagrass was absent in bare sites. Percent cover was 10% (& 5;
mean + SD) at 1-year-old sites, 44% (£ 30) at 2-year-old sites,
71% (& 24) at 3-year-old sites, 97% (4 0.4) at 4-year-old
sites, and 86% (£ 11) at natural seagrass sites.

Community-Level Metrics

We collected 1,469 individuals of 23 species: 9 crustacean,
3 echinoderm, 9 fish, and 2 gastropod species (Table 1). Bare
sites and the 1-year-old restored sites had similar community
composition, which differed from the composition in older
restored and natural sites (Fig. 2; Fs 26 = 8.4, p = 0.001;
Table S1). The species driving this dichotomy most strongly
were common periwinkles (Littorina littorea), whelks (Tritia
reticulata), Baltic prawns (Palaemon adspersus), European
green crabs (Carcinus maenas), and brown shrimp (Crangon
crangon; Table S2). In line with this, species richness was low-
est while evenness was highest for bare and 1-year-old sites
(Fig. 2; Table S3). Shannon diversity was similar across treat-
ments (Fig. 2).

Population-Level Metrics

Of the 10 most common species, the densities of 6 varied sig-
nificantly among treatments, 1 did not, and 3 others were not
analyzed as they did not meet statistical assumptions (Fig. 3;
Table S4). Species densities were typically related to seagrass
percent cover (and thus site maturity) in one of three ways:
Positively whereby densities increased as seagrass cover
increased (e.g., Baltic prawn, European green crab, common
periwinkles, Baltic isopods [Ideotea balthica], and common
starfish [Asterias rubens]); Negatively whereby densities
decreased as seagrass cover increased (e.g., brown shrimp,
flatfish [Pleuronectes platessa and Platichthys flesus], and
whelks); and Unimodally whereby densities were highest at
intermediate seagrass cover (e.g., lesser pipefish [Sygnathus
rostellatus] and straightnose pipefish [Nerophis ophi-
dion]; Fig. 3).

Individual-Level Metrics: Condition Indices

We found no evidence that the condition of lesser pipefish dif-
fered among sites, with Fulton’s K and the SMI largely consis-
tent across treatments (Fig. 4A; further, we found no influence
of sex; Table S5; Fig. S1). There was similarly little evidence
that metabolomic profiles differed across treatments
(p = 0.15; Table S6; Fig. 4A). Glucose was the only metabolite
that differed (p = 0.004), with fish in the newly restored sites
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Table 1. Densities of animal species (individuals/m?) and their relative frequency (i.e., percentage of sites at which they occurred).

Taxon Common Name Species Name Average Density Relative Frequency (%)
Crustacean Baltic isopod Ideotea balthica 0.08 15.2
Baltic prawn Palaemon adspersus 0.59 56.1
Benthic mysid shrimp Praunus flexuosus 0.09 18.9
Brown shrimp Crangon crangon 1.21 79.5
Crab sp. (shore crab) Hemigrapsus sp. 0.03 6.8
European green crab Carcinus maenas 0.27 49.2
Hermit crab Pagarus bernhardus 0.01 3.0
Long legged spider crab Macropodia rostrata 0.01 23
Rockpool shrimp Palaemon elegans 0.01 1.5
Echinoderm Brittlestar Ophiura albida 0.02 2.3
Common starfish Asterias rubens 0.09 20.4
Green sea urchin Psammechinus miliaris 0.00 0.8
Fish Black goby Gobius niger 0.02 6.8
Lesser pipefish Sygnathus rostellatus 0.28 50.0
Rock gunnel Pholis gunnellus 0.00 1.5
Sand goby Pomatoschistus minutus 0.02 6.1
Sea stickleback Spinachia spinachia 0.00 1.5
Shorthorn sculpin Myoxocephalus scorpius 0.01 3.3
Flatfish Pleuronectes platessa and Platichthys flesus 0.09 21.2
Straightnosed pipefish Nerophis ophidion 0.07 18.2
Three-spined stickleback Gasterosteus aculeatus 0.00 0.8
Gastropod Common periwinkle Littorina littorea 4.16 90.9
Whelk Tritia reticulata 1.65 84.8

having lower glucose levels than those in more mature
sites (Fig. 4A). We also found no evidence that the condition
of flatfish or straightnose pipefish, based on Fulton’s K, differed
among sites (Table S5; Fig. 4B & C).

Discussion

Using a space-for-time substitution survey design, we found that
restored seagrass (Z. marina) sites were rapidly providing high-
quality habitat for many mobile animal species, suggesting
positive benefits from the ongoing restoration efforts in Vejle
fjord, Denmark. Faunal communities and the populations of
many species in restored sites were comparable to those in natu-
ral sites from 2-year-old transplantation, when seagrass cover
was approximately only half that of the natural and 4-year-old
restored sites. Quantifying individual condition metrics and
metabolomic profiles further highlighted similarities between
restored and natural sites. Our finding of rapid colonization is
similar to the several evaluations of faunal responses to seagrass
restoration around the world, which also report strong similari-
ties between restored and natural seagrass within 2 years
for invertebrates (e.g., Mcskimming et al. 2016; Tanner
et al. 2021; Gagnon et al. 2023) and fish and invertebrates
(e.g., Leschen et al. 2010; Beheshti et al. 2021). Additional work
in nearby Danish fjords similarly shows that invertebrates—
primarily polychaetes and bivalves—collected in sediment
cores can rapidly colonize new sites after large-scale Z. marina
restoration (Steinfurth et al. 2022). Our work that focuses on
more mobile taxa, such as crabs, shrimp, and small fish, thus
compliments previous work. These findings suggest little need
for building in long time lags when including biodiversity

benefits of Z. marina restoration in natural capital assessments
(Guerry et al. 2015). While positive conclusions for this area,
we need findings from restoration in many more places, for
alternative seagrass species, and animal groups, to be able to
generalize and test theories.

There are several nonmutually exclusive possibilities for
the rapid colonization observed here. First, restoration here
involved transplanting adult seagrass shoots, so seagrass
shoot length, density, and complexity of restored sites is
immediately much higher than for other restoration sites that
utilize methods such as seed dispersal. Second, restored sites
in Vejle fjord, particularly the 4-year-old sites, are now
in close proximity to natural seagrass meadows (within
1-2 m) which can facilitate more rapid colonization of trans-
planted seagrass by mobile species (Gagnon et al. 2023).
However, 2-year-old sites were the farthest from the largest
natural meadows and had very similar animal communities
to older and natural sites. Still, where entire meadows are lost
and restored, and patches are isolated, recolonization may be
slower (Connolly & Hindell 2006). Third, approximately
2 years may represent a somewhat common timeframe—with
evidence of this across Australia, United States, and
Europe—after which restored sites for seagrass species such
as Z. marina become capable of supporting faunal communi-
ties and populations comparable to those in natural seagrass
sites, despite lower seagrass density. Such a timeframe is of
course dependent of the first two points raised, as well as
the cover and shoot density of the restored seagrass. If
seagrass shoots were initially transplanted more sparsely, it
is feasible that it would take longer than 2 years to grow
dense enough to support similar faunal composition as in
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Figure 2. Multivariate plot of species relative abundances for the 10 most abundant species, and the community-level metrics species richness, Shannon
diversity, and evenness across the six treatments: bare sediment (Bare), seagrass transplants that are 1-, 2-, 3-, or 4-year-old, and natural seagrass (Natural). Error
bars are & SE. Letters reflect outputs from Tukey HSD tests, following identification of a statistically significant Treatment effect. ns = nonsignifciant. For

statistical outputs, see Tables S1-S3.

natural meadows. Finally, seagrass species are highly vari-
able and outcomes across species context-dependent, and
thus, the ecological insights from a single species does not
necessarily apply to all species.

The use of morphometric condition indices and metabolomic
analysis provided evidence that the condition or health of indi-
viduals did not differ significantly among sites. While Fulton’s
K was not designed for the morphotypes of pipefish and flatfish,
it still provided a relative and useful measure for condition com-
parisons among sites. Field-scale assessments using metabolo-
mics is gaining momentum but has rarely been applied to a
restoration context. Although we found some evidence that indi-
viduals in younger restored sites had lower levels of glucose,
potentially as a result of variable access to food, this trend did
not continue into bare sites and the causes for this is unclear.
Regardless, a lack of differentiation in metabolomic profiles
across sites here suggests all sites are providing similar
resources, that individual pipefish are mobile and utilize a suite
of different sites, and/or that profiles are inherently variable
among individuals in complex environments regardless of con-
dition. Future assessments of additional species, including those
with alternate abundance-seagrass cover relationships and

different functional roles is a worthwhile endeavor. Coupled
with population and community data, data on individual condi-
tion provide evidence that the restored sites within the fjord are
providing important habitat and resources for fauna, and that
these sites are not functioning as ecological traps that attract
individuals without providing the resources needed to support
their fitness (Hale & Swearer 2017). Future assessments should
aim to evaluate metrics more closely aligned with individual
fitness (as these are rarely quantified in evaluations of restora-
tion; see Sievers et al. 2024), such as monitoring in-situ survival
rates using field mesocosms (e.g., Vivian et al. 2012; Hale
et al. 2018) or estimating growth rates through repeated sam-
pling (e.g., Able et al. 2004).

Species specific responses to restored site maturity were in-
line with expectations based on ecological requirements and
preferences. For instance, periwinkles prefer seagrass
meadows, likely due to increased food availability from epi-
phytes growing on the leaves (Jaschinski & Sommer 2008),
while Baltic prawns likely gain protection from predators
and/or greater access to food in seagrass (Berglund 1980;
Bell & Westoby 1986; Baden et al. 2012). Similar to periwin-
kles, isopods also graze within seagrass, but were found at
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Figure 3. Density of the 10 most abundant species across the six treatments: bare sediment (Bare), seagrass transplants that are 1-, 2-, 3-, or 4-year-old, and

natural seagrass (Natural), including as a function of seagrass percent cover across Treatments. Asterisk before species names indicate data were log-transformed

for ANOVA. Error bars are & SE. For statistical outputs, see Table S4. Letters reflect outputs from Tukey HSD tests for all species with sufficient data to analyze.
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Figure 4. Individual-level metrics for (A) the lesser pipefish (Sygnathus rostellatus): Fulton’s K, Scales Mass Index, and the metabolomic profile across the six
treatments: bare sediment (Bare), seagrass transplants that are 1-, 2-, 3-, or 4-year-old, and natural seagrass (Natural). Fulton’s K for (B) the flatfish (Pleuronectes
platessa and Platichthys flesus) and (C) the straightnose pipefish (Nerophis ophidion). Letters reflect outputs from Tukey HSD tests, following identification of a
statistically significant Treatment effect. Error bars are + SE. Glucose values are Pareto-scaled and thus reflect relative abundance. Pareto-scaled, log-transformed
analysis yielded highly similar results (Fig. S2). For statistical outputs, see Tables S5 and S6.
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Macrofaunal use of restored eelgrass

much lower abundances, potentially due to overfishing of
larger predators causing mesopredator release and higher pre-
dation of invertebrates (Baden et al. 2012). On the other hand,
not all species captured are seagrass specialists. Flatfish and on
brown shrimp were found in higher densities in bare sites and
newly restored seagrass sites. Some crustaceans rely on bury-
ing in the sand to ambush prey or avoid predators (Pinn &
Ansell 1993), and dense seagrass cover likely inhibits this
behavior. It is wunclear, though, whether these species
still benefit from seagrass restoration, taking advantage of sub-
sidies and preferentially occupying interspersed bare space
among seagrass patches. Pipefish were most abundant at sites
with intermediate seagrass density, likely relating to how they
capture their planktonic prey as ‘sit and wait’ predators, and
thus potentially revealing a balance between predator refuge
and feeding efficiency (Flynn & Ritz 1999). Therefore, where
natural or historical sites were heterogeneous with respect to
seagrass and bare areas, intentionally incorporating bare areas
within restoration sites is likely a good strategy for capturing
the needs of a natural faunal community.

European green crabs preferred seagrass sites and were equally
abundant in natural and 2-, 3-, and 4-year-old restored sites.
This species has been observed intentionally cutting and removing
newly transplanted shoots (Pinn & Ansell 1993; Howard et al.
2019) and they are invasive in many countries (Compton
et al. 2010). Species that adversely affect restoration efforts are well
known, and strategies to reduce interactions between them and hab-
itat forming species are being developed (Suykerbuyk et al. 2012;
Sievers et al. 2022). Future work could manipulate the presence
and abundance of European green crabs, such as through manual
removal or exclusion cages, to test impacts on transplanted shoots
as well as on fauna (e.g., Scott et al. 2021).

There are a series of considerations and limitations under
which our results should be contextualized. First, our sites are rel-
atively close to one another, with movement of some species
among sites likely occurring. Individuals caught within particular
sites are therefore not likely fixed to that site and are moving
around and obtaining resources from several sites. This is, how-
ever, true of all monitoring of motile species, and the fact our sites
are all within the same region provides a benefit in that having all
sites within relatively close proximity controls for a suite of biotic
(e.g., larval supply, food availability) and abiotic (e.g., water tem-
perature, currents) conditions that could confound comparisons
among sites. Second, our sampling method balanced comprehen-
siveness with logistics; it provided a quick assessment of the fau-
nal community, but likely missed some individuals, particularly
larger more mobile individuals capable of detecting and avoiding
the net. This is similarly true of any sampling technique that dis-
turbs natural animal behavior; less invasive methods to survey
mobile fauna include underwater cameras (Connolly et al. 2024)
and, over larger spatial scales with less site specificity, eDNA
(Stoeckle et al. 2021). Third, while spatially comprehensive, we
present sampling of only one time of year and recognize that fau-
nal communities and abundances may change throughout and
between years. Repeated surveys at these sites are recommended
to see if patterns are temporally consistent. Finally, metabolites
are sensitive and concentrations can quickly change in captured

individuals. Although all effort was made to rapidly get lesser
pipefish on ice and then into liquid nitrogen, some stress response
would have occurred which can affect metabolomic profiles. We
also used pipefish heads for our metabolomic analysis in an
attempt to not confound treatment effects based on sampling dif-
ferent reproductive organs or stomachs with different food items.
As metabolomics becomes more mainstream and links between
relative abundances of metabolites and individual condition, ana-
lyses can be streamlined and targeted towards the most informa-
tive areas to sample.

We observed both invertebrate and vertebrate animals to
rapidly colonize transplanted Z. marina in the Vejle fjord,
Denmark, where extensive restoration efforts have created new
seagrass habitat near existing meadows. Animal populations
and communities within restored sites that quickly matched
those in natural sites, healthy individuals of key species—based
on common fish condition metrics and metabolic status—within
restored sites, and the survival and expansion of transplanted
seagrass collectively suggests restoration efforts here are
progressing well. While there remain concerns, such as the
burgeoning green crab population and continued water quality
issues within the fjord, our study provides impetus for continued
investments in seagrass restoration here and in other similarly
degraded waterways where seagrass once thrived.
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