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Abstract
Seaweed farming is expanding in Europe and may provide environmental benefits similar to those from natural kelp forests 
and shellfish farms, including habitat provisioning. Few studies have substantiated these claims however, and it remains 
uncertain whether seaweed farms will support similar biodiversity to kelp forests or provide valuable long-term habitat 
beyond the harvest season. We repeatedly surveyed an integrated sugar kelp (Saccharina latissima) and blue mussel (Mytilus 
edulis) farm in southwest UK to compare epibiont assemblages between cultivated kelps, to those from three nearby wild 
kelp populations, and to epibionts on farmed mussel lines and unseeded ‘bare’ lines. We found farmed kelps supported 
over 217 times the abundance of epibionts living on wild kelps at harvest time, however, taxonomic diversity per kelp was 
lower at the farm. Farmed kelp assemblages were dominated by amphipods, which were present on the wild kelps but in much 
lower numbers. Farmed kelp also supported distinct assemblages to cultivated mussels, which were similarly dominated by 
amphipods, but hosted higher relative abundances of crabs, echinoderms, worms and red algal biomass. The bare lines were 
heavily colonised by another pseudo-kelp, Saccorhiza polyschides, which supported similar epibiont assemblages to the 
seeded S. latissima lines. Our findings indicate that cultivating bivalves alongside seaweed can increase habitat provisioning 
at a seaweed farm and extend its permanence beyond typical seaweed cultivation periods as bivalves have longer, continuous 
farming periods. However, the presence of mussels will likely influence the epibiont assemblages on the farmed kelp, which 
are distinct from wild kelp populations.
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Introduction

Seaweed farming is increasing in Europe due to a rising 
demand for seaweed products, and growing recognition of 
its potential environmental benefits and contributions to 
ecosystem services (Wood et al. 2017; Hasselström et al. 
2018; Alleway et al. 2019; Langton et al. 2019; Gentry et al. 
2020). Environmental benefits from seaweed farming could 
include improving water quality and providing new habitat 
for invertebrate and fish species, similar to wild kelp popula-
tions and cultivated bivalve shellfish (Theuerkauf et al. 2021; 
Corrigan et al. 2022; Forbes et al. 2022). Habitat creation 
may be particularly important in coastal ecosystems where 
pre-existing natural habitats have been removed or degraded 
by human activities such as pollution, climate change, or 
certain destructive fishing practices (Barbier et al. 2011). 
‘Restorative’ or ‘regenerative aquaculture’, whereby farms 
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are sustainably managed to deliver ecosystem services, could 
provide a valuable refuge or starting point for coastal biodi-
versity to recover in degraded areas, while generating mar-
ketable products and livelihoods to boost local economies 
(Theuerkauf et al. 2019; Overton et al. 2023). Currently, 
however, few studies have investigated habitat provisioning 
at seaweed farms. It is also unclear whether farms offer valu-
able habitat compared to wild seaweed-dominated habitats 
(e.g., kelp forests), or whether farms will potentially alter 
wider ecosystem dynamics by harbouring different species 
and supporting distinct communities (Corrigan et al. 2022; 
Forbes et al. 2022).

Naturally-occurring kelp forests represent some of most 
productive habitats on Earth and act as important reposi-
tories of marine biodiversity that support diverse flora and 
fauna (Smale et al. 2013; Teagle et al. 2017; Bué et al. 2020; 
King et al. 2021; Salland and Smale 2021). Similarly, cul-
tivated seaweed (especially large kelp species) could create 
valuable new habitats by providing complex three-dimen-
sional living space, elevated food supply and enhanced 
reproduction and recruitment opportunities (Campbell et al. 
2019; Theuerkauf et al. 2021; Corrigan et al. 2022). A range 
of epibiotic organisms can rapidly colonise available sur-
faces at farm sites, including aquaculture infrastructure or 
cultivated seaweed, and are generally considered pests by 
farmers as they have detrimental effects on crop quality and 
farming operations (Bannister et al. 2019). However, not all 
colonising epibionts are permanent or damaging, and some 
taxa, such as bryozoans, bivalves, sponges, tunicates, and 
other algae, may provide additional environmental benefits 
to farms. These benefits include improving water quality 
through biofiltration and nutrient regulation (Hurd et al. 
1994; Pica et al. 2019; Montalto et al. 2020), or as food 
sources for higher trophic levels such as fish and macroinver-
tebrates (Theuerkauf et al. 2021; Corrigan et al. 2022). This 
in turn could potentially support secondary food production 
with spill-over benefits for fisheries (Gentry et al. 2020).

Recent studies in Europe have found that cultivated kelp 
provides distinct, novel habitat compared to wild kelp pop-
ulations and supports dissimilar associated communities 
(Walls et al. 2016; Bekkby et al. 2023). In Ireland, higher 
levels of epibiont biodiversity were associated with culti-
vated Laminaria digitata holdfasts compared to those from 
neighbouring wild populations (Walls et al. 2016), whereas 
in Norway, cultivated Saccharina latissima and Alaria escu-
lenta supported lower epibiont biodiversity, abundance and 
richness compared to wild kelps, despite hosting similar spe-
cies (Bekkby et al. 2023). The differences in these findings, 
and other recent understandings of how epibiont assem-
blages vary widely between cultivation sites, dependent on 
latitude and environmental factors such as temperature, flow 
regime and wave exposure (Matsson et al 2019; Forbord 
et al. 2020; Visch et al. 2020a, b; Boderskov et al. 2021), 

highlight the need to quantify epibionts effectively at multi-
ple sites, particularly in emerging areas for the industry, such 
as across Europe. Furthermore, most studies have focused 
on epibionts present at, or before harvesting time points (e.g. 
Bekkby et al. 2023), which is before epibiont assemblages 
have fully developed on annually-seeded farms (Corrigan 
et al. 2023). Typical kelp cultivation seasons in the UK and 
Europe (late autumn to beginning of summer, ~ 7 months) 
would indicate farms only provide temporary habitat com-
pared to wild kelp populations, which can persist for decades 
(Forbes et al. 2022). For seaweed farming to provide valu-
able long-term habitat, innovations to maintain biodiversity 
beyond the harvest point are being trialled, including partial 
harvesting techniques (Corrigan et al. 2023). Co-location 
with other marine industries, such as renewable energy, or 
longer-lived aquaculture species, such as bivalve shellfish, 
can also increase the longevity of habitat.

Co-cultivation or integrated multi-trophic aquaculture 
(IMTA) of species that rely on similar infrastructure and man-
agement is increasing in popularity in Europe (Alexander et al. 
2015; Hughes and Black 2016; Kleitou et al. 2018). Growing 
low-trophic species, such as seaweed and bivalves together, 
where neither culture requires additional food, fertilisers or 
fresh water to grow, uses space more efficiently in coastal 
waters and may also have mutual benefits to both cultures, such 
as biofiltration and improving water quality and clarity, enhanc-
ing primary production, and reducing the settlement of nui-
sance biofouling species (Holdt and Edwards 2014; Hargrave 
et al. 2021, 2022; Jiang et al. 2022). The proposed environmen-
tal benefits of seaweed farming are largely similar to those of 
bivalve shellfish production (Holdt and Edwards 2014; Hughes 
and Black 2016; Campbell et al. 2019), however, shellfish farms 
have received more study. For instance, in a recent review 
evaluating habitat provisioning by seaweed and bivalve farms, 
only eight out of 65 studies were conducted at seaweed farms 
(Theuerkauf et al. 2021). The review found that both bivalve 
and seaweed farms are associated with high abundance and 
diversity of mobile macrofauna, however, bivalve farms hosted 
higher abundances and species richness. Nevertheless, few, if 
any, direct comparisons have been made between cultivated 
species at individual farms. It also remains unclear whether 
epibiont species are more attracted to the farm infrastructure or 
the farmed biomass (Powers et al. 2007; Theuerkauf et al. 2021; 
Corrigan et al. 2022). A study in Ireland compared unseeded, or 
bare ropes, to those seeded with A. esculenta and found differ-
ent epibiont assemblages between them, indicating that culti-
vated kelps offer distinct habitat and potentially suppress other 
algae from settling (Walls et al. 2019). Similarly in Norway, 
farmed kelp and bare ropes hosted distinct faunal assemblages 
(Bekkby et al. 2023), highlighting how farm infrastructure 
alone may influence habitat provisioning at aquaculture sites.

This study aims to compare epibiont assemblages across 
farmed kelp to wild populations, cultivated mussels and bare 
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farm infrastructure to determine whether seaweed farms 
provide similar and valuable coastal habitat. We repeatedly 
surveyed an integrated sugar kelp (Saccharina latissima) and 
blue mussel (Mytilus edulis) farm in southwest UK, collect-
ing cultivated biomass from seaweed, mussel and bare lines, 
and individual S. latissima plants from three nearby wild 
kelp populations. We compared farmed and wild S. latissima 
plants at normal harvest time (May–June) and beyond har-
vest (August) to assess whether epibiont assemblages would 
become more similar to wild populations with time. We 
expected the farmed S. latissima to host distinct assemblages 
to the wild S. latissima and the farmed mussel and bare lines, 
as they provide a new temporary suspended substrate and 
food source in the water column. Increased understanding 
of the epibiont communities associated with seaweed farm-
ing will help determine whether farms can act as “restora-
tive aquaculture” sites that may have wider implications for 
secondary food production available to fish and other spe-
cies. Given the degradation of coastal habitats and the cost 

of their restoration, understanding how aquaculture can be 
designed to have enhanced positive environmental benefits 
and further contribute to ecosystem services is essential in 
ensuring ecological, social and economic sustainability of 
our coastlines (Theuerkauf et al. 2019).

Methods

Study sites

Sugar kelp (Saccharina latissima), blue mussel (Mytilus 
edulis), and unseeded ‘bare’ rope samples were collected 
from an integrated multi-trophic aquaculture (IMTA) site 
in Porthallow Bay, Cornwall, UK (50° 04' N, 5° 04' W) 
(Fig. 1). Porthallow Bay is exposed to wind and wave action 
from the east and southeast but is sheltered from the pre-
dominant south-westerly winds and North Atlantic swells, 
with the 16 ha integrated farm site situated at approximately 
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Fig. 1   Study site map with A) location of the study region in south-
west UK; B) location of Porthallow Bay in Cornwall, UK; C) location 
of farm site and wild kelp collection sites 1, 2 & 3; D) diagram of the 
farm system suspending seaweed, mussel and bare lines. N.B. Sea-

weed and bare lines were set on separate headerlines to the mussels 
as shown in C, not interspersed as shown in D. Seaweed and mussel 
graphics are from Biorender (biorender.com)
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500 m from the shore (Corrigan et al. 2023). The farm uses 
a longline system with 200 m header lines anchored to the 
seabed and suspended 1–3 m below the surface, supporting 
either seaweed or mussel growth (Fig. 1). The farm is sus-
pended over seabed depths of 8–15 m (below chart datum), 
with the seabed below consisting of mixed rocky substrate, 
soft sediments and maerl gravel.

Seaweed lines were seeded in late November 2019 and 
late October 2020, with S. latissima gametophytes attached 
directly onto ~ 6  m long dropper lines (braided 12  mm 
AlgaeRope, AtSeaNOVA, Belgium) using a binder solu-
tion (AtSeaNOVA). Seeded droppers were then spaced at 
2–3 m apart along the header lines. Unseeded (hereafter 
‘bare’) lines of the same material and length were also set 
out alongside the seeded seaweed lines in November 2019. 
Mussel dropper lines (10 m braided fibrous ropes with plas-
tic pegs spaced at 1 m intervals to prevent slippage) were 
set ~ 1 m apart on the header lines suspended from April 
2019. Mussel lines were seeded following the natural spawn-
ing and settlement cycle of M. edulis, whereby as seawater 
temperatures rise (typically from March to May), mussels 
spawn and their larvae then settles naturally onto the dropper 
ropes as spat and continue to grow for ~ 18 months before 
harvest, by which time new spat will have settled for the next 
harvesting season.

Wild S. latissima populations were sampled at three 
nearby shallow subtidal reef sites (~ 2–4 m depth), which 
experience similar environmental conditions to the culti-
vated kelps and are within 2.5 km of the farm site and each 
other (Fig. 1).

Sample collection

Individual kelp plants were collected in May (2021) and 
August (2020) from both the farm and nearby wild popu-
lations (Fig. 1). Collections in May represented ‘harvest’ 
assemblages and those in August were indicative of ‘post-
harvest’ assemblages, if and when kelp biomass is not 
removed from the farm to assess whether epibiont assem-
blages would become more similar to wild populations with 
time (Corrigan et al. 2023). In May 2021, 18 kelp plants 
were collected (by boat) from three independent droppers 
spread along one seaweed header line. From each dropper, 
three representative plants were randomly selected from both 
0–1 m and 3–4 m depth increments to capture any variability 
with depth. Once removed, plants were placed into separate 
labelled sealable bags. In August 2020, a total of 36 kelp 
plants were sampled in the same way (Corrigan et al. 2023). 
Ten wild kelps from natural populations, comparable in size 
to the farmed kelps, were collected from each rocky reef site 
in May 2021 and August 2020 using SCUBA. Before remov-
ing the holdfast from the reef, cotton bags were placed over 
the entire plant and then sealed. All samples were kept on 

ice and then frozen at -20 °C within eight hours of sampling 
and processed at a later date.

To compare epibiont assemblages between cultivated S. 
latissima to M. edulis cultivation lines and bare unseeded 
lines, in June 2020, 0.5 m sections of each line type were 
cut from 2–2.5 m depth, consistent with the growing depth 
of both species. Three replicate sections from each line type 
were collected. Samples were placed in sealed bags and fro-
zen at -20 °C within 4 h of collection.

Sample processing

All kelp samples were processed as per Corrigan et  al. 
(2023), whereby plants were defrosted and rinsed through a 
0.5 mm sieve to remove any mobile or loosely attached fauna 
(hereafter referred to as ‘mobile’ epibionts). Samples were 
then thoroughly examined for any remaining sedentary or 
sessile individuals and colonial taxa (e.g. bryozoans, ascid-
ians, algae) (hereafter referred to as ‘sessile’ epibionts) on 
both sides of blades and in the interstitial spaces of holdfasts, 
which were carefully removed where possible. All taxa were 
sorted into coarse taxonomic groups (Table S1), enumerated, 
and weighed (wet weight). Colony-forming taxa and mat-
forming algae that could not be easily removed were quan-
tified by estimating percent cover of the blade (Table S1). 
Taxa richness was defined as the number of taxa present in 
a sample (Table S1).

We quantified the morphological characteristics of sam-
pled kelp plants (e.g., habitable holdfast volume, blade 
surface area), as species richness often scales with habitat 
size (Anderson et al. 2005). Saccharina latissima samples 
were measured to attain total plant biomass, maximum blade 
length and width, holdfast habitable volume, and biomass of 
blade and holdfast individually. Blade surface area was cal-
culated approximately using maximum blade width x maxi-
mum blade length. Habitable volume within holdfasts was 
calculated using displacement (as described in Teagle et al. 
2018), by first measuring the volume of water displaced by 
the holdfast, then subtracting this from the volume of water 
displaced by the holdfast wrapped in plastic food wrap.

The 0.5 m sections of S. latissima, M. edulis and bare 
lines were processed as above, whereby samples were 
defrosted, rinsed for mobile taxa and inspected for sessile 
and colonial taxa. Once epibionts had been removed, the 
biogenic habitat forming biomass (either mussel or kelp) 
was weighed. As expected, some S. latissima had settled on 
the M. edulis lines and vice versa, however, the bare lines 
had been almost completely colonised by other kelps, pre-
dominantly the pseudo-kelp Saccorhiza polyschides, which 
was also treated as a biogenic habitat-former as wild S. poly-
schides has been found to host significant epibiont biodiver-
sity (Salland and Smale 2021).
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Statistical analysis

The statistical approaches described below involve univari-
ate and multivariate permutational analyses using the PER-
MANOVA add on for Primer v7 software (Anderson et al. 
2008; Clarke and Gorley 2015).

For comparisons between farmed and wild kelps, differ-
ences in kelp morphology (holdfast habitable volume, blade 
surface area, and total kelp weight), and univariate assem-
blage metrics (total taxa richness, mobile epibiont abundance, 
mobile and algal epibiont biomass, and total sessile epibi-
ont blade coverage per kelp) between sites and months were 
examined using two-way permutational analyses of variance 
(PERMANOVA) with “month” and “site” as fixed factors. 
For comparisons between line types at the farm, differences 
in habitat forming biomass and univariate assemblage metrics 
(total taxa richness, mobile epibiont abundance, and mobile 
and algal epibiont biomass) were examined using one-way 
PERMANOVA, including “line type” as a fixed factor. For 
each univariate comparison, PERMANOVAs with permuta-
tions (999 under an unrestricted model) were based on Euclid-
ean distances between untransformed data. Pair-wise tests in 
PERMANOVA were then conducted wherever the main effect 
or interaction was significant (p < 0.05). For the line type com-
parisons, due to small sample sizes, Monte Carlo simulations 
were applied to generate the p-values.

Variability in multivariate assemblage structure between 
factors was examined using PERMANOVA and visualised 
using metric multidimensional scaling (mMDS) ordination. 
Multivariate assemblages were examined using the models 
described above, but with permutations based on separate 
Bray–Curtis resemblance matrices constructed from the fol-
lowing assemblage metrics: 1) the presence-absence of all 
taxa; 2) the abundance of mobile taxa; 3) the biomass of 
mobile taxa and easily detached algae; 4) the percent cover of 
sessile taxa (Corrigan et al. 2023). A presence-absence trans-
formation was used for all taxa, as sessile species were not 
enumerated in the same way as mobile species (i.e. percent 
cover of colonies versus abundance of individuals). Fourth 
root transformation was chosen for abundance and biomass of 
mobile taxa to down-weight the influence of highly abundant 
amphipods. Square root transformation was used for percent 
coverage of sessile taxa to down-weight any highly abundant 
taxa. SIMPER analysis was then performed to determine 
which taxa contributed most to the observed dissimilarity for 
each assemblage metric. For both the univariate and multi-
variate metrics, differences in within-treatment variability 
between levels of factors were also examined using the permu-
tational dispersion (PERMDISP) routine. Where within-treat-
ment dispersion differed between groups, a more conservative 
p-value (p < 0.01) was adopted for the main PERMANOVA 
test for that given response variable (Anderson 2017).

Results

Comparisons between cultivated and wild S. 
latissima epibiont assemblages

Saccharina latissima plants were similar in biomass and 
holdfast habitable volume across the farm and wild sites 
in both May 2021 and August 2020 (i.e. were highly com-
parable for the purposed analyses, Fig. 2, Table 1). Blade 
surface areas at all sites were larger in May 2021 than 
August 2020, and wild site 3 had larger blades than the 
farm and wild site 1 in both months. Taxa richness per 
kelp was lower at the farm than all wild sites in both May 
and August. When considering total epibiont taxa richness 
across all sampled kelps however, the farm hosted similar 
taxa richness to the wild sites and the farm did not differ 
from wild site 1 in May (10 taxa), or wild site 2 in August 
(13 taxa). Epibiont abundance was over 16- and 217-fold 
higher at the farm than wild sites in August and May, 
respectively, due to the abundance of amphipods which 
dominated the farmed kelps (Fig. 3, Table 1), whereas 
much greater evenness was found at the wild sites in both 
months. Epibiont biomass was also higher on the farmed 
kelps compared to the wild sites in both May and August 
(due to the weight of the amphipods), but to a lesser degree 
than abundance, due to the presence of heavier Gastropoda 
and Rhodophyta epibionts on the kelps from the wild sites 
(Fig. 3, Table 1). Sessile epibiont blade coverage did not 
differ between the farm and wild sites in May, however 
in August, blade coverage at the farm was higher than all 
wild sites (Fig. 3, Table 1).

The multivariate analysis revealed differences in epibi-
ont assemblages between the farmed and wild kelp plants 
for both survey months in terms of epibiont taxa presence-
absence, abundance, biomass and sessile coverage of blades, 
although the farm did not differ in sessile coverage of blades 
between wild site 2 and 3 in May. Assemblages associated 
with wild kelp plants did vary between sites, however, there 
was often overlap as seen in the mMDS plots (Fig. 4) and 
Table 1. SIMPER analysis showed that differences between 
farmed and wild kelp-associated assemblages were often 
driven by amphipods and bryozoans, which were typi-
cally higher in the farm, while wild kelps supported higher 
proportions of gastropods, bivalves and worms (Fig. 3, 
Tables S2, S3, S4).

Comparisons between cultivated line types

Habitat forming biomass was greatest in the mussel lines, 
while the settlement of other kelp or pseudo-kelp species 
(predominantly S. polyschides) on the bare lines ensured 
there was no significant difference in habitat forming 
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biomass between the bare lines and the lines seeded with 
S. latissima (which also had several S. polyschides plants 
growing among the S. latissima) (Fig. 5, Table 2). Epibiont 
taxa richness was highest on the mussel lines, with ~ 13 taxa 
per line and 16 taxa present in total, compared to 7–8 taxa 
per line and 9 taxa in total on both the seeded seaweed and 
bare lines respectively. It appeared that epibiont abundance 
and biomass were greatest on the bare lines, although this 
was found not to be statistically different, and all line types 
were dominated by amphipods (Fig. 5, Table 2).

The multivariate analysis revealed differences in epibi-
ont assemblages between the mussel lines and the seaweed 
and bare lines in terms of epibiont taxa presence-absence, 
abundance and biomass (Fig. 5, Table 2). SIMPER analy-
sis showed that differences between the mussel lines and 
the seaweed and bare lines were driven by bivalves, echi-
noderms, decapods, worms and red algae, which were typi-
cally higher on the mussel lines (Fig. 5, Tables S6, S7, S8).

Discussion

This study presents the first comparison of epibiont assem-
blages between farmed and wild kelp and between farmed 
kelp and mussels in the UK, which like other European 
countries, has a growing cultivation industry for both sea-
weed and shellfish species (Capuzzo and McKie 2016; 
Hughes and Black 2016). We found that farmed S. latissima 
plants hosted similar taxa but also distinct assemblages to 
wild plants, and that this dissimilarity persisted even after 
farmed plants were left growing three months beyond the 
typical harvest point. This demonstrates that farmed kelps 

in the UK may provide distinct habitats compared to natural 
kelp populations. The farmed kelp supported much higher 
epibiont abundances, biomass and sessile coverage than 
wild kelps, predominantly from amphipods and bryozoans. 
This has potential for supporting secondary production at 
the farm site, by providing food for pelagic fish species and 
macroinvertebrates (Theuerkauf et al. 2021; Corrigan et al. 
2022). The unseeded bare lines were heavily colonised by 
the opportunistic pseudo-kelp S. polyschides, which hosted 
similar epibiont assemblages (dominated by amphipods) 
to the farmed S. latissima lines. The mussel lines hosted 
higher taxa richness and higher relative abundances of crabs, 
echinoderms, worms and greater red algal biomass com-
pared with the farmed seaweed and bare lines. Our findings 
indicate that cultivating bivalves alongside seaweed can 
increase habitat provisioning at a seaweed farm and extend 
its permanence beyond typical seaweed cultivation periods 
as bivalves have longer, continuous farming periods. How-
ever, the presence of mussels will likely influence the epibi-
ont assemblages on the farmed kelp, which are distinct from 
wild kelp populations.

The epibiont taxa present in this study were consistent 
with those previously recorded on kelp plants at the farm 
in Porthallow Bay (Corrigan et al. 2023), as well as studies 
conducted elsewhere at comparable sites in Europe on both 
farmed (Peteiro and Freire 2013; Førde et al. 2016; Walls 
et al. 2016, 2017; 2019; Rolin et al. 2017; Bak et al. 2018; 
Forbord et al. 2020; Visch et al. 2020a, b; Bekkby et al. 
2023) and wild plants (Arnold et al. 2016; Walls et al. 2016; 
Teagle et al. 2018; Bué et al. 2020; Salland and Smale 2021; 
Bekkby et al. 2023). This study also supports recent find-
ings that kelp farms in Europe form distinct habitats to wild 
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kelp forests, as there were consistent differences in epibiont 
assemblage structure and taxa richness between farmed and 
wild kelps (Walls et al. 2016; Bekkby et al. 2023). In Ireland, 
species richness was higher on cultivated rather than wild 
Laminaria digitata holdfasts (Walls et al. 2016), whereas in 
Porthallow Bay, farmed kelps supported lower taxa richness 

per kelp than wild kelps, despite overall taxa richness at 
the Porthallow farm being comparable to the wild sites in 
August. The difference in results between these studies may 
be due to the different kelp species or regions investigated, 
or because only assemblages associated with holdfasts were 
examined in Ireland, whereas assemblages associated with 

Table 1   Results from PERMANOVA and PERMDISP univariate 
(Uv) and multivariate (Mv) analysis of epibiont assemblage matrices 
for farmed (F) and wild kelps (W1, W2, W3), with transformation 

and post-hoc results between sites and months detailed. Degrees of 
freedom (df) are reported within treatments. Significant P values are 
highlighted with *

PERMANOVA PERMDISP

Response metric Transformation Factors df F P F P Post-hoc significance dif-
ferences between sites and 
months

(Uv) Kelp biomass N/A Month 1 0.252 0.632 3.070 0.197 N/A
Site 3 1.221 0.343 4.679 0.022* N/A
Month x site 3 0.857 0.458 N/A N/A N/A

(Uv) Blade surface area N/A Month 1 9.325 0.004* 21.786 0.001* May > August
Site 3 2.841 0.046* 3.152 0.099 F < W3; W1 < W3
Month x site 3 0.966 0.406 N/A N/A N/A

(Uv) Holdfast habitable 
volume

N/A Month 1 1.455 0.240 9.231 0.031* N/A
Site 3 2.349 0.720 3.259 0.138 N/A
Month x site 3 0.025 0.996 N/A N/A N/A

(Uv) Taxa richness N/A Month 1 24.083 0.001* 4.237 0.046* N/A
Site 3 18.633 0.001* 1.159 0.36 N/A
Month x site 3 5.420 0.002* N/A N/A May: F < W1,2,3; W1 < W3

August: F < W1,2,3
(Uv) Epibiont abundance N/A Month 1 0.002 0.968 0.180 0.761 N/A

Site 3 15.39 0.001* 8.32 0.036* F > W1,2,3; W1 > W2,3
Month x site 3 0.018 0.997 N/A N/A N/A

(Uv) Epibiont biomass N/A Month 1 0.640 0.408 0.540 0.625 N/A
Site 3 12.151 0.001* 8.100 0.008* F > W1,2,3; W1 > W2
Month x site 3 0.250 0.879 N/A N/A N/A

(Uv) Epibiont coverage N/A Month 1 35.237 0.001* 74.886 0.001* N/A
Site 3 14.558 0.001* 20.771 0.001* N/A
Month x site 3 9.789 0.001* N/A N/A May: N/A

August: F > W1,2,3
(Mv) Total assemblage Presence-absence Month 1 11.189 0.001* 32.753 0.001* N/A

Site 3 12.832 0.001* 0.708 0.689 N/A
Month x site 3 6.138 0.001* N/A N/A May: F-W1,2,3; W1-W3

August: F-W1,2,3
(Mv) Mobile abundance Fourth root Month 1 9.916 0.001* 9.267 0.004* N/A

Site 3 60.55 0.001* 15.915 0.001* N/A
Month x site 3 5.688 0.001* N/A N/A May: F-W1,2,3

August: F-W1,2,3; W1-W2,3
(Mv) Epibiont biomass Fourth root Month 1 8.228 0.001* 7.110 0.014* N/A

Site 3 38.726 0.001* 12.705 0.001* N/A
Month x site 3 5.002 0.001* N/A N/A May: F-W1,2,3; W1-3

August: F-W1,2,3; W2-W1,3
(Mv) Sessile (% cover) Square root

Dummy variable 
added = 0.7

Month 1 70.125 0.001* 0.055 0.831 N/A
Site 3 8.102 0.001* 0.516 0.739 N/A
Month x site 3 6.045 0.001* N/A N/A May: F-W1; W1-W2

August: F-W1,2,3;W2-W1,3
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entire plants were examined here. In Norway entire plants 
of both S. latissima and A. esculenta exhibited lower faunal 
richness and lower overall biodiversity than wild kelp plants 
after both three and seven months of cultivation (Bekkby 
et al. 2023). Similarly, in Porthallow Bay epibiont assem-
blages on farmed kelp did not become more similar to those 
associated with wild kelp plants following an additional 
three-month growth period beyond their typical harvest 
time, suggesting that dissimilarity between assemblage types 
is persistent at the time frames studied.

Farmed kelp assemblages may be distinct from those 
hosted by wild kelps for several reasons. Farmed kelps are 
typically suspended in the top six metres of the water col-
umn, experience a constant water depth, and are attached 
to floating semi-mobile substrate, whereas wild kelp plants 
experience varying water depths (due to tides) and are often 
attached to fixed, stable substrate, resulting in a very differ-
ent hydrodynamic environment (Walls et al. 2016; Bekkby 
et al. 2023). Suspended farmed kelps are also isolated, to 
some extent, from benthic habitats so that less dispersive 
species (e.g. those lacking a mero-planktonic stage or swim-
ming capacity) are less likely to recruit to and colonise sus-
pended cultivated plants (Walls et al. 2016). Natural kelp 
plants can persist for several years, allowing time for suc-
cessional processes to occur and established communities to 
develop, whereas farmed kelps are typically removed after 
less than a year of growth (Christie et al. 1998; Walls et al. 
2016; Bekkby et al. 2023). For instance, natural populations 
of S. latissima commonly occur as annuals, however some 
plants can survive for 2–4 years (White and Marshall 2007), 
whereas the farmed kelps in this study were sampled after 
seven (normal harvest time) and ten months of growth. In this 
study, where possible, we collected wild S. latissima plants 
of comparable size to those from the farm (indicated by the 
similarities in kelp biomass and habitable holdfast volume) 
however it is possible that wild kelp plants were older than 
farmed kelps as there is no simple method to accurately age 
S. latissima plants. Farmed kelps are also grown in much 
higher densities, typically consisting of only one or two spe-
cies, with approximately 120 kelp plants per meter of line 
at the Porthallow farm (Corrigan et al. 2023), compared to 
those from mixed beds in natural kelp populations, where 

densities of mature plants are typically around ~ 10 per square 
meter (Smale et al. 2016; Smale and Moore 2017). In this 
study, wild S. latissima plants were observed to be relatively 
sparsely distributed and estimated at approximately one per 
square metre (personal observation). Differences in densities, 
hydrodynamic forces and attachment substrate may also lead 
to the development of different morphological characteris-
tics in farmed kelps, which may explain the differences in 
blade surface area that were observed between sites in this 
study, with higher wave exposures previously being linked to 
smaller blade surface areas in S. latissima in Norway (Visch 
et al. 2020b). Differences in kelp morphologies may in turn 
lead to variability in epibiont assemblages (Walls et al. 2016). 
As such, differences in abiotic and biotic conditions are likely 
to drive dissimilarity in assemblage structure between farmed 
and wild kelp plants, with farmed kelps supporting higher 
epibiont abundances but lower taxa richness than wild kelps 
and explain why certain taxa such as amphipods can prolifer-
ate so successfully at a farm.

The proliferation of amphipods on farmed kelp in Porthallow 
Bay led to higher overall epibiont abundance and biomass val-
ues compared with wild populations, suggesting that the farm 
supports significant secondary production and may provide 
an elevated food supply for higher consumers, such as pelagic 
fish species (Theuerkauf et al. 2021; Corrigan et al. 2022). The 
observed proliferation of amphipods has not been recorded at 
other European kelp farms, which have supported either simi-
lar (Walls et al. 2016) or lower (Bekkby et al. 2023) levels of 
epifaunal abundance compared to neighbouring wild kelps. 
These previous studies recorded the presence of amphipods 
on both wild and farmed kelp, but in much lower abundances 
than the present study, with only 36 individuals recorded per 
farmed kelp in Norway (Bekkby et al. 2023), compared to over 
6000 individuals per kelp in Porthallow Bay over a similar 
cultivation period. The amphipods recorded at the Porthallow 
farm were predominantly small suspension-feeding and tube-
building peracarid crustaceans that can occur in dense aggre-
gations as females brood their offspring, which then recruit 
to the immediate vicinity (Thiel and Vásquez 2000). Amphi-
pods, such as Jassa falcata (a common species found at the 
Porthallow farm), generally reach maturity and fecundity ear-
lier in warmer temperatures, with peak reproduction occurring 
between 10 and 14 °C (Nair and Anger 1979, 1980). Porthallow 
is at a lower latitude compared to most other European seaweed 
cultivation sites reported upon previously, so the proliferation 
of amphipods may be due to the warmer water temperatures 
experienced earlier in the season causing earlier settlement 
(Corrigan et al. 2023). Amphipods can tolerate a wide range 
of wave exposures and salinities (Hill 2000), but population 
density typically increases with greater wave exposure and tur-
bidity (Moore 1972). Although Porthallow is sheltered from 
prevailing winds, it is an open bay and experiences a relatively 
high degree of wave exposure and tidal mixing, compared to 

Fig. 3   Differences in epibiont assemblages of farmed and wild kelps 
(at three sites) in May 2021 and August 2020 in terms of A) taxa 
richness; B) percent cover of blade by sessile or mat forming epibi-
onts; C) mobile or loosely attached epibiont abundance; D) mobile 
or loosely attached epibiont abundance percentage composition; E) 
mobile or loosely attached and algae epibiont biomass (excluding 
kelps); F) mobile or loosely attached and algae epibiont biomass per-
centage composition (excluding kelps). Bars are plotted with mean 
values per kelp (unless otherwise stated) and error bars represent 
standard error (in May Farm, n = 18; August Farm, n = 36; in May 
and August, Wild 1,2,3, n = 10). Significant differences between sites 
within months are denoted with letters

◂
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other more sheltered seaweed farms (such as those in fjords and 
lochs) (Corrigan et al. 2023). This may also explain why there 
were higher amphipod abundances in the suspended and more 
exposed farm at Porthallow, rather than the neighbouring ben-
thic and more sheltered wild kelp sites. Wave exposure and sea 
temperature can also influence bryozoan and colonial ascidian 
colonisation (Rolin et al. 2017; Visch et al. 2020a, b), which 
overtook hydrozoan coverage at the Porthallow farm later in 
the season (Corrigan et al. 2023) and were much higher on 
farmed kelp blades than in wild populations. As farmed kelps 
are also grown in much higher densities than wild kelps, this 
could make it easier for amphipods, bryozoans and ascidians to 
proliferate if the environmental conditions are suitable, particu-
larly if predation rates from benthic consumers (e.g., gastropods 
on bryozoans) are much reduced in the suspended kelp plants.

Porthallow Bay differs from other farm sites in previous 
studies, as it is not exclusively a seaweed farm but rather 
an established mussel farm with some seaweed lines. It is 
therefore highly possible that the amphipods recorded on 
the farmed kelp originated from the mussel lines, which also 
supported high amphipod abundances that dominated their 
assemblages. Despite high amphipod abundances and other 

shared taxa between the line types, mussels supported higher 
taxa richness and distinct epibiont assemblages compared to 
both the cultivated seaweed and bare lines. This was predomi-
nantly driven by higher relative abundances of crabs, echino-
derms and worms, and greater red algal biomass, on the mus-
sel lines. These taxa are consistent with other bivalve farms 
in Europe (Callier et al. 2018; Mascorda Cabre et al. 2021), 
which may differ to those supported by farmed seaweeds, as 
bivalves are in situ for longer, allowing more time for succes-
sion and assemblage development. The bivalves themselves 
also offer a primary food source for carnivorous species such 
as gastropods, starfish, crabs and flatworms (Flimlin and Beall 
1993), which can also explain the differences seen in func-
tional groups of epibionts between seaweed and mussel lines. 
Generally, bivalve farms appear to host higher abundances 
and species richness than seaweed farms (Theuerkauf et al. 
2021), although habitat provisioning has been quantified dis-
proportionately less in seaweed farms, and few, if any, direct 
comparisons have been made between co-cultivated species 
within individual farms. Co-cultivating aquaculture species 
could increase overall diversity at farm sites (if distinct epibi-
ont assemblages are seen between cultivars), and this would 
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also help to maintain habitat provisioning of a site beyond the 
typical cultivation period for short-lived species, such as sea-
weeds. For instance, the cultivation period for kelps in Europe 
is typically 6–7 months, whereas as mussels are cultivated 

for approximately 1–2 years. In Europe, there is also grow-
ing interest in co-locating aquaculture sites to increase man-
agement efficiency and address coastal space and licencing 
issues, so understanding the habitat value of IMTA sites is 
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Table 2   Results from PERMANOVA and PERMDISP univariate (Uv) and multivariate (Mv) analysis of epibiont assemblage matrices for differ-
ent line types, with transformation and post-hoc results between line types detailed. (Degrees of freedom (df) are reported within, between types)

PERMANOVA PERMDISP

Response metric Transformation df F P F P Post-hoc significance 
differences between line 
types

(Uv) Habitat forming biomass N/A 2,6 36.658 0.016 0.988 0.538 M > S,B
(Uv) Taxa richness N/A 2,6 30.083 0.360 1.556 0.462 M > S,B
(Uv) Epibiont abundance N/A 2,6 3.265 0.126 3.197 0.145 N/A
(Uv) Epibiont biomass N/A 2,6 2.416 0.177 1.433 0.390 N/A
(Mv) Total assemblage Presence-absence 2,6 5.160 0.033 0.631 0.651 M-S,B
(Mv) Mobile abundance Fourth root 2,6 11.616 0.012 3.181 0.139 M-S,B
(Mv) Epibiont biomass Fourth root 2,6 10.649 0.004 2.453 0.073 M-S,B
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important to enable a more ecosystem directed view of marine 
planning (Hughes and Black 2016; Kleitou et al. 2018).

The farm infrastructure itself could also help to maintain 
habitat provisioning at the site once S. latissima is harvested, 
as the bare infrastructure lines were heavily colonised by nat-
urally-settling S. polyschides, which hosted similar epibiont 
assemblages (primarily amphipods) compared to the seeded S. 
latissima lines. Previously however, in Ireland, unseeded ropes 
had distinct epibiont assemblages to those seeded with A. escu-
lenta (Walls et al. 2019), and similarly in Norway, bare ropes 
hosted distinct faunal assemblages with lower abundances and 
taxa richness than cultivated S. latissima and wild kelp forests 
(Bekkby et al. 2023). This indicates that cultivated kelps offer 
distinct habitat to farm infrastructure and potentially suppress 
other algae from settling on seeded lines (Walls et al. 2019). It 
is unclear why S. polyschides colonised the bare lines so readily 
in Porthallow compared to previous studies in Ireland and Nor-
way, however it may have been due to the presence of natural S. 
polyschides donor populations nearby. S. polyschides has also 
been reported at a S. latissima farm in Spain, particularly when 
S. latissima seeding density was low (Peteiro et al. 2006). As 
an opportunistic, fast growing and pioneering species that can 
tolerate a range of environmental conditions, S. polyschides can 
colonise new habitats easily (Peteiro et al. 2006; Salland and 
Smale 2021). Wild S. polyschides individuals in the southwest 
UK have also been dominated by amphipods (Salland and Smale 
2021), however in much lower abundances than those recorded 
in the farm. Future comparisons should be made between the 
suspended S. polyschides that settles on the farm with wild ben-
thic S. polyschides in the area, to improve understanding of how 
the farm differs from UK kelp forests, which are often made up 
of multiple kelp species.

In order to determine the overall habitat value of an aqua-
culture site, benthic and mobile pelagic assemblages, such as 
macroinvertebrate and fish species, also need to be included 
(Corrigan et al. 2022). With the high abundance and biomass 
of epibionts present at Porthallow Bay, this could provide sig-
nificant food for larger invertebrate and fish species, and there-
fore increase secondary production at the site (Theuerkauf et al. 
2021). This should be studied in more detail, as supporting sec-
ondary production has important implications for the economic 
value of the habit provided by farm sites, as well as its ecological 
importance for restoring habitat for fish populations that might 
be depleted from overfishing in coastal areas. Changes in mobile 
fish and macroinvertebrates distributions and abundances will 
also influence local ecosystem dynamics.

In conclusion, seaweed farms can provide habitat that sup-
ports high abundances of epibiont species, which readily colo-
nise cultivated kelps such as S. latissima. These epibionts in 
turn provide food sources for fish and macroinvertebrate spe-
cies, although quantifying this requires further investigation. The 
epibiont assemblages present on farms, however, are distinct 
from those that occur in natural kelp populations. The habitat 

provided by most seaweed farms is also temporary, as cultivated 
biomass is typically entirely removed at harvest, so most farms 
will not deliver on promises of “restorative aquaculture” unless 
they are designed to maintain biodiversity beyond the harvesting 
period. Incentive schemes could encourage farmers to maintain 
habitat provisioning and increase environmental stewardship 
at their sites, through the provision of additional support and 
financial compensation, like the recent UK Sustainable Farming 
Incentive or the Farming Investment Fund for terrestrial farmers, 
which aims to reward sustainable farming practices that sup-
port food production and benefit the environment (Defra 2022a, 
b). Another possible method to maintain habitat provisioning 
beyond seaweed harvests would be to combine seaweed farms 
with other longer growing aquaculture species that persist year-
round, such as bivalves, which also host higher epibiont taxa 
richness. Farm-associated assemblages would still likely differ 
to those associated with wild populations however, so caution 
should be taken as to not alter nearby communities and habitats 
or introduce invasive species. Given the degradation of coastal 
habitats and the cost of their restoration, understanding how 
industry activities that are increasing in coastal areas, such as 
aquaculture, can be designed to have positive environmental 
benefits and contribute to ecosystem services is essential to 
ensure ecological, social and economic sustainability of our 
coastlines (Theuerkauf et al. 2019).
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