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A growing need for food is causing increased interest for seaweed farming globally.

This requires the knowledge of the industry’s effects on the marine environment. We

therefore aimed to explore the communities hosted by a kelp farm compared to that

of wild kelp forests. The study was performed inmid-western Norway. Kelp associated

fauna were collected from farmed kelp (Saccharina latissima and Alaria esculenta), in

wild kelp forests (S. latissima, A. esculenta, and Laminaria hyperborea), and from fauna

traps in the water column. The study showed that the kelp farm had lower taxa

abundance and richness and a lower biodiversity than the wild kelp forests.

Nonetheless, the farmed kelp hosted many associated species, with communities

different from what was found on ropes without kelp (i.e., in the water column). The

fauna communities among the farmed kelp were more similar to what was found in

thewild L. hyperborea kelp forest than to its wild counterparts. The difference between

the fauna communities of ‘old’ and ‘young’ farmed kelp (grown for 3 and 7 months,

respectively) was not significant, but the fauna was dominated by the isopod species

Idotea pelagica in the young forest and by amphipods, mainly belonging to the genus

Caprella, in the older. The study contributes to our knowledge of kelp farms’ ecological

role in the marine environment, which is of importance for today’s management as

well as for ensuring a sustainable future development of the kelp farming industry.

KEYWORDS
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1 Introduction

Marine food production is attaining increased focus in the search of fulfilling the need for

food for a growing human population (Broch et al., 2019), with the Organization for

Economic Co-operation and Development’s expectations of a doubling in the ocean economy

in 2030 compared to 2010 (OECD, 2020). Simultaneously, the effort to meet the United

Nations Sustainable Development Goals (SDGs) has resulted in a focus on food production at
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lower trophic levels (Duarte et al., 2009; Duarte et al., 2021). Increased

use of macroalgae is considered to be environmentally friendly as it

does not require any watering, pesticides, or fertilizers (Hughes et al.,

2012) as opposed to terrestrial farming and fish aquaculture.

Cultivated macroalgae is already an important resource globally

(Food and Agriculture Organization of the United Nations, FAO,

2020), and it is predicted that this industry will potentially exceed that

based on terrestrial plants (Creed et al., 2019). Today, 200 different

macroalgae species are exploited commercially (FAO, 2020) and used

as human food, animal feed, part of the pharmaceutical industry, and

fertilizers and in cosmetics and a variety of other products (Olafsen

et al., 2012; Mac Monagail et al., 2017). Globally, more than 30 mill.

tonnes are harvested from seaweed farms annually, which is an

increase of almost 10 mill. tonnes since 2011 (FAO, 2022). For

comparison, only approximately 1 mill. tonnes of wild macroalgae

are annually harvested from the wild (FAO, 2020). Today, most of the

farmed macroalgae are produced in Asia (FAO, 2020). However, the

interest is increasing globally (Buschmann et al., 2017) and in the

Northern Hemisphere (Stévant et al., 2017).

In Norway, the kelp farming industry started at an experimental

level in 2005. The first license for commercial kelp farming was given

in 2014. Today, approximately 150 tonnes of kelp are produced,

representing a considerable increase from the 60 tonnes produced in

2016 (Fiskeridirektoratet, 2020). The most commonly farmed kelp

species in Norway is Saccharina latissima (sugar kelp, 96% of the

production, Fiskeridirektoratet, 2020). In the wild, this kelp species

commonly grows in sheltered and moderately wave-exposed areas

along the Norwegian coast (Bekkby and Moy, 2011). It grows fast and

provides high biomass within a short period of time (Handå et al.,

2013; Kerrison et al., 2015). The remaining production (4%) is based

on Alaria esculenta (winged kelp, Hancke et al., 2018), a species that

naturally grows in more wave-exposed areas (Birkett et al., 1998). It

has been stated that Norway holds a potential to upscale its kelp

cultivation harvest to 20 mill. tonnes by 2050 (Olafsen et al., 2012;

Broch et al., 2019).

The impact of kelp cultivation on the marine environment is

understudied both in Norway and globally (Walls et al., 2016), and

the knowledge of both positive and negative impacts is needed to

obtain a knowledge-based management (Campbell et al., 2019) and

ensure a sustainable development of the kelp farming industry

(Stévant et al., 2017). One important question is related to the kelp

farms’ potential role as habitat providers, with the evaluation of the

benefits to biodiversity as one of the most pressing needs (Forbes

et al., 2022). A kelp farm is placed at the ocean surface, thereby

introducing a temporary and artificial ‘kelp forest’ in the water

column, where kelp normally does not grow. A wild kelp forest is

one of the most productive ecosystems in the world (Steneck et al.,

2002; Christie et al., 2003; Teagle et al., 2017), creating a three-

dimensional structure and habitat for high numbers of associated

species and individuals (Whittick 1983, Norderhaug et al., 2005). Kelp

cultivation in Norway usually consists of kelp seedlings grown on

ropes and deployed in the farm between September and February.

Harvesting occurs the following spring or summer, typically between

April and July (to avoid epiphytic fouling, Andersen et al., 2011), but

later in the north, where the cold water allows for a longer growth

season (Matsson et al., 2019). The kelp in the farm is consequently a

young monoculture growing away from its natural habitat, the
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seabed. The artificial kelp forest formed by the kelp farm may

potentially play a role similar to the wild kelp forest, providing new

habitats and increased biodiversity in coastal areas (Walls et al., 2016;

Campbell et al., 2019), which will further supply food for fish,

seabirds, sea mammals, and others. However, few ecological studies

have been done on kelp farms and we therefore lack the knowledge of

the ecological function they have (but see Walls et al., 2016; Forbes

et al., 2022). Little is also known about the impact of the farmed kelp’s

production time (i.e., the duration from sowing to harvesting) on the

associated community composition. The aim of this study was

therefore to increase the understanding of the ecosystems associated

with kelp farms and contribute with the knowledge of relevance for

the management of present and future kelp farms. The main focus has

been on the potential ecological role of kelp farms as an artificial

open-water habitat and to find out if kelp farms host a unique fauna

community or resemble that of wild kelp forests. We compared fauna

communities associated with farmed kelp with those of wild kelp and

artificial substrate in the water column, the latter simulating the rope

in the kelp farm. For farmed S. latissima, production had two different

growth periods, which allowed us to look into the effect of

growth length.
2 Materials and methods

2.1 The sampling area and its surroundings

The data were collected on the east side of Frøya, a large island

just outside the Trondheimsfjord on the midwest coast of Norway

(63°41’49N 8°49’19E), inside and in close vicinity to the Seaweed

Solutions (SES) kelp farm (Figure 1). The landscape is dominated by

islands and skerries, providing large shallow (<30 m depth) rocky

seabed areas with several species of kelp. Data were collected on 23–27

April 2019, just before the farmed kelp was harvested, to maximize

the succession and growth period for the associated fauna. The kelp

farm covered an area of 200 × 200 m in a relatively wave exposed area,

producing both S. latissima and A. esculenta in separate sections of

the farm, on ropes placed at approximately 2 m depth. For S.

latissima, one part of the production was sown in September 2018

(i.e., providing a production/growth period equal to 7 months),

whereas the other part was sown in January 2019 (i.e., providing a

production period of 3 months). A. esculenta was also sown in

January, providing a 3-month-old kelp ‘forest’ before harvesting.
2.2 Field sampling of kelp and of associated
fauna species

Three replicates of kelp, with the associated fauna, were collected

from approximately 2 m depth at each of the locations in the kelp farm

(i.e., in the 7-month-old S. latissima forest, 3-month-old S. latissima

forest, and A. esculenta section). Three replicates of kelp were also

collected in each of the three wild kelp forests (i.e., S. latissima, L.

hyperborea, and A. esculenta). The kelps were collected by divers,

placing a cotton bag around the whole kelp before sampling, to

ensure capturing most of the associated mobile fauna (a well-tested

method for seaweeds including kelps, Christie et al., 2009).
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In addition, mobile invertebrates were sampled using fauna traps,

constructed by using a 1-m-long sisal rope (with 8 mm diameter),

untwisted into its three parts, and bundled together with a strip

(Figure 2). The traps have been designed and tested (see Kraufvelin

et al., 2002) to capture an assembly of species representative of the

kelp forest–associated mobile invertebrate community, including

crustaceans, gastropods, polychaetes, and bivalves (Christie et al.,

2007). Fauna traps were deployed at the same locations in the farm

and the wild forests where we collected the kelp replicates (i.e., 18

fauna traps in total). We also deployed three replicate fauna traps in

the water column to simulate the rope in the kelp farm and thereby

control for the effect of introduced substrate, as opposed to the effect

of kelp. The traps were also put out at approximately 2 m depth. In the

kelp farm, this depth coincided with the middle part of the hanging

kelp forest, which was 10–15 m above the seabed. In the wild kelp

forest, the traps were deployed close to the seabed, and, in the water

column, they were 10–15 m above the seabed, away from the kelp

farm and the wild kelp forest (Figure 1). The traps were retrieved after

48 h. The traps in the kelp farm and the wild kelp forests were
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collected by divers (each trap was put gently into a plastic zip bag),

whereas the traps in the open water column were constructed with a

cotton bag connected to the fauna trap, thereby enclosing the fauna as

the whole construction was lifted up to the surface (Figure 2).

Sampled kelps and fauna traps were rinsed in freshwater, and

captured fauna was retained in a 250 µm sieve (Christie et al., 2003;

Christie et al., 2009) and preserved on 70% ethanol.
2.3 Laboratory work and species
determination

The species were identified to the lowest possible taxonomic level

using a Leica TL5000 Ergo Transmitted Light Base magnifier, based

on the identification literature provided by Lincoln (1979); Enckell

(1980); Graham (1988); Hayward and Ryland (1995), and

Christiansen (1972). The nomenclature used in the species list is in

accordance with the database ‘Worlds Register of Marine Species’.

The number of fauna taxa and individuals were counted, and the
FIGURE 2

Invertebrates were sampled using fauna traps, constructed by using a 1-m-long sisal rope, untwisted into its three parts, and bundled together with a
strip (left panel). The traps in the kelp farm and the wild kelp forests were collected by divers (each trap put into a plastic zip bag), whereas the traps in
the water column were collected using a cotton bag connected to the fauna trap (right panel), thereby enclosing the fauna as the whole construction
was lifted to the surface. Photo: Trine Bekkby and Eli Rinde (NIVA).
FIGURE 1

The map (left panel) gives an overview of the location of the study area (63°41’49N 8°49’19E). The figure (right panel) shows the location of the kelp farm
(white dot), and the locations of the sampled wild Laminaria hyperborea (red dot), Saccharina latissima (blue dot), and Alaria esculenta (green dot)
forests. The yellow dot shows the location of the water column station. Background on the detailed map: ‘Norge i bilder’, provided as orthophoto WMS
by the Norwegian Mapping Authority.
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fauna was weighed. The wet biomass determination was conducted by

weighing drip-dried animals, i.e., they were put on absorbent glass

microfiber filter for 1 min to remove excess liquid before weighing

them on a calibrated Sartorius Research R200D scale with 5-decimal-

gram accuracy. The species list, with abundance from kelp and fauna

traps shown separate, and the weight data were uploaded to Zenodo

(Bekkby et al., 2023a; Bekkby et al., 2023b), an open-access repository

developed under the European OpenAIRE program, operated by

European Council for Nuclear Research (CERN).
2.4 Statistical analyses

Species composition in the sampled communities were compared

using the ordination technique detrended correspondence analysis

(DCA, Clarke, 1993). ANOVA (Shaw and Mitchell-Olds, 1993) was

used to analyze the variation captured by DCA1 (i.e., the axis that

accounts for most of the variation in the ordination) and DCA2 (i.e.,

the axis that accounts for the second most of the variation) against the

location (i.e., kelp farm, wild kelp forest, or water column) and

method (data sampled from kelp or by fauna traps). The

communities associated with the farmed S. latissima of different

growth periods were analyzed separately. ANOVAs were used to

analyze the number of individuals (abundance) and the number of

taxa (taxa richness), fauna biomass, and species diversity calculated as

the Shannon–Wiener index (Shannon, 1948). To reveal the possible

effects of the growth periods of the sugar kelp in the farm, we

performed the analysis of covariance (ANCOVA) analyses of the

abundance and taxa richness, fauna biomass, and species diversity

against the growth period. All analyses and visualizations were

conducted in RStudio (version 1.1.463—© 2009–2018 Rstudio Inc),

using R-version 4.0.3. The ordination and ANOVA analyses were

done using the package vegan (version 2.5.7, Oksanen et al., 2020).

The plots were done using ggplot2 in the package Tidyverse (version

1.3.1 (Wickham et al., 2019).
Frontiers in Marine Science 04
3 Results

A total of 575 individuals among 46 different taxa were identified

in this study, collected from kelps in the farm and from wild kelp

forests, and by the use of fauna traps in all three locations (i.e., the kelp

farm, the wild forest, and the water column, Table 1; Supplementary

Table 1 and Bekkby et al., 2023a shows a full species list). There was a

significant difference between the three locations in both the

abundance and the taxa richness (Supplementary Table 2). In total,

we found six times as many individuals and almost three times as

many species in the wild kelp forest than in the farm (Figure 3,

Table 1). In the wild kelp forest, we captured more individuals and

taxa from the sampled kelp than from fauna traps, while the opposite

was true in the farm, i.e., there, we captured more fauna taxa and

individuals using the traps (Figure 3, Supplementary Table 2). We

found no difference in biomass between the different locations

(Supplementary Table 2), but Table 1 shows that the wild A.

esculenta forest had an associated fauna biomass that was much

higher than what was found anywhere else. Based on the Shannon–

Wiener biodiversity index, there was a significant difference in

biodiversity between the locations (Supplementary Table 2).

Biodiversity followed the same pattern as for the abundance and

taxa richness, with higher biodiversity in the wild kelp forests than in

the kelp farm (Figure 4). There was no significant difference related to

methods (sampling kelp versus fauna traps) when it came to

biodiversity data (Supplementary Table 2, Figure 4).

The DCA and ANOVA show differences in the fauna

communities between locations (Figure 5 and Table 2), meaning

that the communities in the kelp farm, the wild kelp forests, and the

water column were different. The communities established in farmed

kelp (i.e., S. latissima and A. esculenta) were, however, quite similar

(Figure 5). Further, the communities in farmed kelp (regardless of

kelp species) were more similar to the wild L. hyperborea forest that

surrounded the farm than to their conspecifics growing in the wild.

The communities sampled in the fauna traps in the water column (i.e.,
TABLE 1 The abundance (number of individuals) and taxa richness (number of taxa), biomass (g wet weight) and biodiversity (the Shannon–Wiener index)
of fauna associated with the kelps (collected by sampling kelp and deploying fauna traps) at the different locations, i.e., in the farm and the wild kelp
forests (of three different kelp species), and within the water column.

The different locations Growth period Abundance Taxa richness Biomass (g) Biodiversity

Total in the kelp farm 81 15 1.54 1.47

Farmed Alaria esculenta 3 months 32 5 0.05 1.06

Farmed Saccharina latissima 3 months 13 7 0.01 1.73

Farmed S. latissima 7 months 36 13 0.09 1.97

Total in the wild kelp forest Unknown 487 42 20.00 2.71

Wild A. esculenta forest Unknown 197 26 19.11 2.37

Wild S. latissima forest Unknown 163 20 0.34 1.98

Wild Laminaria hyperborea forest Unknown 127 26 0.55 2.74

Water column NA 7 4 0.00 1.28

Total for the whole study 575 46 22.89 2.77
The growth period of the kelps in the farm is shown, while the age of the wild kelp forest is unknown. Note that one of the fauna traps deployed in the wild L. hyperborea forest was lost, two fauna traps
were empty on retrieval in both the farmed S. latissima and farmed A. esculenta forests, and we only used fauna traps to collect fauna in the water column. NAmeans no kelp was collected in the water
column. Bold values show total numbers for the kelp farm, kelp forest, water column and for the whole study.
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not associated with any kelp forest) were different from both the

farmed kelp and the wild kelps.

The ANOVA analyses of DCA1, i.e., axis 1 of the ordination

(Table 2) shows that most of the variation in the ordination is

explained by methods, meaning the communities collected with

fauna traps were different from those found by collecting kelps.

The most numerous taxonomic groups found in the kelp farm

were amphipods, isopods, and gastropods (Table 3). Among these, the

juvenile Caprella amphipods (unable to identify species), the

amphipod Ischyrocerus anguipes, the isopod Idotea pelagica, and the

gastropod Margarites helicinius were the most abundant species

(accounting for 72% of the total abundance, Table 4). In the wild

kelp forest, the amphipods and gastropods were dominating, whereas

almost no isopods were observed (Table 3). The species that were

most abundant in the kelp farm were almost absent in the wild forest.

The amphipods Dexamine thea and Gammarus spp. and Rissoidae

gastropods were the most abundant species in the wild kelps

(accounting for 71% of the total abundance, Table 4). In the water

column, only a few individuals were found, of which Rissoid

gastropods, mysids, the gastropod Lacuna vincta, and scale worms

(Polynoidae) were the most dominating taxa (Tables 3, 4). A complete

list of the species found in this study is given in Supplementary
Frontiers in Marine Science 05
Table 1. In the kelp farm, the dominating species differed between S.

latissima and A. esculenta (Table 3). In S. latissima, amphipods were

dominating (58%), whereas gastropods were the most abundant

group (accounting for 23% of the total abundance) in A. esculenta.

In the wild kelp forest, amphipods were quite abundant in all three

types of forests (45%–81%) but most dominant in the A. esculenta

forest, whereas gastropods were most common in the L. hyperborea

forest (with 36%).

To assess the potential effect of the length of the growth period of

farmed kelp on the fauna communities, we looked in detail at the S.

latissima kelp growing in the farm for two different durations, 3 and 7

months, respectively. For the 3-month growing period, a total of 13

individuals and 7 different taxa were identified (Table 1). For the 7-

month period, the values almost tripled for the abundance and

doubled for the taxa richness, to 36 and 13, respectively. However,

the differences between growth period were not significant (p =

0.2081 for abundance, p = 0.1649 for taxa richness, and p = 0.1206

for biodiversity). However, the study provides some knowledge on the

fauna species and the abundance of these found in the farmed kelp

after 3- and 7-month production periods (Table 5). The isopod

species I. pelagica was the most abundant species in the young

farmed kelp (38%, as opposed to 9% in the 7-month-old forest).

For the 7-month-old kelp, amphipods were dominant, with juvenile

Caprella sp. as the single most dominant taxa, followed by the

amphipod I. anguipes.
4 Discussion

The aim of this study was to deliver knowledge about the ecology

of kelp farms with relevance for the management of the industry. The
FIGURE 3

Total number of taxa (taxa richness, upper panel) and total number of
individuals (abundance, lower panel), collected by using two different
methods (fauna traps or by sampling kelp) at the different locations,
i.e., in the kelp farm, wild forests, and the water column (only fauna
traps used in the water column). LH, L. hyperborea; SL, S. latissima; AE,
A. esculenta. To make the data in the farmed kelp comparable, only
kelps with 3-month growth period were included. Note that we only
have five replicates from the wild L. hyperborea forest as one fauna
trap was lost. Two fauna traps were also empty on retrieval in both the
farmed S. latissima and the farmed A. esculenta forest.
FIGURE 4

Box-and-whisker plot of the biodiversity (the Shannon–Wiener index),
collected by using two different methods (fauna traps or by sampling kelp)
at the different locations, i.e., in the kelp farm, the wild forests and the
water column (only fauna traps used in the water column). The plot shows
the median, the upper and lower quartile, and the maximum and
minimum values. LH, L. hyperborea; SL, S. latissima; AE = A. esculenta. To
make the data in the farmed kelp comparable, only kelps with the 3-
month-long growth period were included. Note that we only have five
replicates from the wild L. hyperborea forest as one fauna trap was lost.
Two fauna traps were also empty on retrieval in both the farmed S.
latissima and the farmed A. esculenta forests.
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main focus has been on the potential role of kelp farms as an artificial

open-water habitat. As part of this aim, we wanted to compare the

communities associated with a kelp farm with those of wild kelp

forests in order to assess the ecological function that a farm might

potentially have in the short period of time in which the kelps are

growing there. It is worth mentioning that the abundance and

number of data are sometimes low (Table 1), which should be

considered when results are discussed and conclusions are drawn.

Our study indicates that the kelp farm has a role as a habitat, a

‘hanging garden’. The findings agree with a recent review (Forbes

et al., 2022) that concluded that kelp farms create habitats that

enhance biodiversity but that the impact on biodiversity varies with

different factors, such as the type of species that is farmed, the
Frontiers in Marine Science 06
environmental conditions, the intensity and scale of the farm, the

gear used, and the management practice. We found that the

community composition and abundance of species in the kelp farm

were different from that of the wild kelp forest, which is also

supported by other studies (see Walls et al., 2016; Walls et al., 2019;

Forbes et al., 2022). We found lower numbers of individuals and taxa,

and a lower biodiversity, in the kelp farm compared to the wild kelp

forests. Looking at the community composition (from the ordination

analysis), the kelp farm, and the wild kelp forests had some

similarities, hosting both amphipods and gastropods (snails), which

are found to be the most common taxonomic groups in a kelp forest

along the coast of Norway (Christie et al., 2003; Christie et al., 2009).

The kelp farm also hosted a lot of isopods, which were almost absent

in the wild kelp forests. Even though all these species are found, in

high or low numbers, in wild kelp forests (Christie et al., 2003), the

species dominating the kelp farm in our study are different from those

dominating the wild forests. This is captured by the ordination

analysis, showing a difference between the fauna community

associated with the kelp forest and that found in the kelp farm.

This could be a result of the structural differences between farmed

kelp and the wild forests. The kelp in the farm is a young (harvested

after 3 and 7 months in this study) monoculture hanging from ropes

in the water column, at approximately 2 m depth, and only in winter

and spring when fauna abundance is low (Christie et al., 2003). The

wild kelp forests, on the other hand, are complex ecosystems that are

usually stable over decades and that serve as habitats for a variety of

species (Norderhaug et al., 2005; Teagle et al., 2017). A study byWalls

et al. (2016) found that the species composition in an oarweed kelp

farm (L. digitata) was different from that in a wild kelp forest, but as

opposed to this study, they found species richness to be higher in the

kelp farm. This indicates that there might be species specific

differences in the potential ecological roles of farmed kelps. It is

worth noting that in the study by Walls et al. (2016), the kelps were

growing for a longer time and developed large holdfasts, which would

most likely result in more individuals and species than for younger

kelp (Christie et al., 2003; Christie et al., 2007).

In the area surrounding the kelp farm, large areas of wild L.

hyperborea kelp forest were recorded, while the S. latissima and A.

esculenta kelp forests were observed further away. The short distance

between the farm and the wild L. hyperborea forest is a possible
TABLE 2 ANOVA analysis of detrended correspondence analysis 1 (DCA1, of the ordination in Figure 5), which accounts for most of the variation in the
ordination, and DCA2, which accounts for the second most of the variation in the ordination, with respect to the location and method.

ANOVA analysis of DCA1 of the ordination in Figure 5

Sum sq Df F-value p-value

Location 3.6253 6 1.5268 0.220397

Method 5.7479 1 14.5244 0.001094

Residuals 7.9148 20

ANOVA analysis of DCA2 of the ordination in Figure 5

Location 24.3963 6 11.9103 1.06e-05

Method 0.0571 1 0.1672 0.687

Residuals 6.8278 20
f

The location is a kelp farm, wild kelp forest, or water column; the method is collection from the kelp or by fauna traps. To make the data in the farmed kelp comparable, only kelps with the 3-month-
long growth period were included. Bold values show significant p-values.
FIGURE 5

The detrended correspondence analysis ordination of the fauna
communities from the kelp farm, the wild kelp forest, and the water
column, collected from both the kelp and by using fauna traps (only
fauna traps used in the water column). LH, L. hyperborea; SL, S.
latissima; AE, A. esculenta. To make the data in the farmed kelp
comparable, only kelps with the 3-month-long growth period were
included. Note that we only have five replicates from the wild L.
hyperborea forest, as one fauna trap was lost. Two fauna traps were
also empty on retrieval in both the farmed S. latissima and the farmed
A. esculenta forest.
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explanation to why the communities in the farm, consisting of A.

latissima and A. esculenta, were more similar to that of the wild L.

hyperborea communities than to the fauna communities of its wild

counterpart. More species, more individuals, and a higher species

diversity were observed in the L. hyperborea forest than in the kelp

farm. Studies by Norderhaug et al. (2002) and Jørgensen and Christie

(2003) indicate that kelp-associated fauna can be very mobile and

have a high dispersal rate. It is therefore likely that the fauna in the

farm may have migrated from the surrounding kelp forest. Based on

this assumption, there may be reason to believe that the farm does not

represent a distinct habitat, as Walls et al. (2016) suggested but that

the community found in a kelp farm is determined by the

communities in the surrounding environment and that kelp farms

only serve as the ‘receivers’ of species from whatever communities

they are surrounded by. The kelp farm in this study was relatively

small (approximately 200 m × 200 m), and it is possible that we might

have found a different result if the farm was located away from any
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kelp forest (e.g., more offshore or in areas with a heavy sea urchin

grazing of kelp forests, as is found in Northern Norway, Rinde et al.,

2014). Another explanation for why the species community in the

kelp farm was more similar to that found in the wild L. hyperborea

forest than to the wild conspecifics, may be associated with the wave

exposure at the farm site. According to Norderhaug et al. (2014),

fauna associated with kelp is greatly affected by wave exposure and

currents, in addition to the morphology of the epiphytic algae they are

associated with. In general, S. latissima grows in sheltered and

moderately wave-exposed areas (Bekkby and Moy, 2011), L.

hyperborea in areas with higher wave exposure (Bekkby et al.,

2009), and A. esculenta in even more exposed areas (Birkett et al.,

1998). The wild L. hyperborea forest and the farmed kelp in our study

had relatively similar wave exposure (based on the wave exposure

model for the area, Bekkby et al., 2009), and it is likely that this

contributes to the observed similarities in their associated

communities. As the wild S. latissima forest was located in a less
TABLE 4 The most dominating taxonomic species/taxa, here being those that constitute minimum 10% of the abundance (number of individuals) within
either of the locations, i.e., the kelp farm, the wild kelp forest, and the water column.

Taxa Taxonomic group Kelp farm Wild kelp forest Water column

Margarites helicinius Gastropoda 31 3 0

Idotea pelagica Isopod 20 2 0

Caprella sp. juveniles Amphipoda 11 0 0

Ischyrocerus anguipes Amphipoda 10 1 0

Dexamine thea Amphipoda 2 28 0

Gammarus spp. Amphipoda 3 16 0

Amphipoda indet Amphipoda 0 13 0

Rissoidae ident. Gastropoda 3 15 11

Lacuna vincta Gastropoda 0 0 33

Mysida Mysida 0 1 22

Ostracoda indet. Ostracoda 1 2 22

Polynoidae indet. Polychaeta 0 2 11
The list is sorted by the most numerous taxa in the kelp farm first, then, the most numerous taxa in the wild kelp forest, and, at last, the most numerous taxa in the water column. At each location, these
taxa make up more than 80% of the total abundance. Taxa constituting at least 10% of the individuals are marked with gray color. Note that we only have five replicates from the wild Laminaria
hyperborea forest as one fauna trap was lost. Two fauna traps were also empty on retrieval in both the farmed Saccharina latissima and the farmed Alaria esculenta forest. We only used fauna traps to
collect fauna in the water column.
TABLE 3 The most dominating taxonomic groups, i.e., those that combined constitute minimum 90% of the abundance (number of individuals) within
either of the locations, i.e., the kelp farm, the wild kelp forest, and the water column.

Taxonomic
group

Kelp farm total Farmed
SL

Farmed
AE

Wild kelp forest total Wild SL Wild AE Wild LH Water
column

Amphipoda 37 58 10 66 67 81 45 0

Isopoda 20 17 23 2 0 1 6 0

Gastropoda 37 23 54 20 17 11 36 44

Mysida 0 0 0 1 2 2 0 22

Ostracoda 0 3 2 4 0 2 22

Polychaeta 0 0 0 3 2 2 2 11
The percentage is shown for the kelp farm and wild forest in total and for each of the species separately; LH, Laminaria hyperborea; SL, Saccharina latissima; AE, Alaria esculenta. Note that we only
have five replicates from the wild L. hyperborea forest as one fauna trap was lost. Two fauna traps were also empty on retrieval in both the farmed S. latissima and the farmed A. esculenta forest. Only
fauna traps were used to collect data in the water column.
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wave-exposed area, that may explain why the fauna community in the

farmed S. latissima does not resemble that found in the wild S.

latissima forest.

According to our study, the community found in the water

column (sampled using fauna traps) differs from the other localities

(both the kelp farm and the wild kelp forest), with gastropods being

the most dominant group, mainly consisting of the species L. vincta.

This species has been known to have a high dispersal rate and can

create a mucus string for use when drifting around to more favorable

sites (Christie et al., 2007), which might explain why it inhabits the

water-column fauna traps. In the water column, we found a lower

number of species and individuals, and a lower biodiversity compared

to the kelp farm and the wild kelp forests. This was also the case when

looking at the numbers from the fauna traps alone. We did not expect

the communities in the water column and in a kelp forest, wild or

farmed, to be similar, as they represent completely different

ecosystems. Our study shows that the kelp farm is not just an

artificial structure that is placed in the water column; it actually

serves as a habitat for kelp-associated fauna, making the farm different

that the fauna traps in the water column. However, finding fauna

typical for kelp forests also in the water column, far from any kelp

beds, supports the results of Jørgensen and Christie (2003) on the

horizontal and vertical dispersal of fauna from kelp forests to areas

outside the kelp beds, where it serves as food at higher trophic levels.

In the wild, the kelp-associated fauna increases in density and

mobility during the warmer seasons (Norderhaug et al., 2002; Christie

et al., 2003). We therefore assumed that a longer growth period for the

kelp in the farm would give similar findings and that the communities

in the kelp farms would change as the cultivated kelp increases in size

and complexity (Forbes et al., 2022). However, we found no

significant difference between fauna communities in S. latissima

farmed for 3 versus 7 months. We might have found differences if

the kelp had been able to grow for an even longer period of time in the

farm. However, in mid-Norway, kelp is typically harvested in April to

May for human food since harvesters want to avoid as much fouling

as possible. In a wild kelp forest, Christie et al. (1998) found that it

took more than 4–5 years for the species community associated with

kelp to return after trawling, which can be a pointer toward the time

needed for a kelp farm to function as a true kelp habitat.

Even though we found no significant difference between fauna

communities in old and young farmed kelp, some differences were

observed. The fauna in the young forest was dominated by the isopod

species I. pelagica, whereas the old forest was dominated by
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amphipods. I. pelagica is a small isopod with high mobility and

might be faster at moving from the wild kelp forest to the farm. In the

old farmed kelp, amphipods belonging to the genus Caprella was most

dominant. As they were juvenile, we did not succeed in determining

them to the species level, and thus, we were unable to conclude if we

observed any of the Caprella species naturally found in Norway or if

this was the alien species Japanese skeleton shrimp (Caprella mutica).

C. mutica has often been found on artificial substrates (Ashton et al.,

2007), which might explain why we found more Caprella species in

the kelp farm than in the wild kelp forest.

We collected fauna by sampling kelps and by deploying fauna

traps. The reason for using these two methods was to collect several

types of fauna, i.e., both sessile animals directly associated with kelp

and mobile species collected with the fauna traps. In the wild kelp

forests, we captured more individuals and taxa from the sampled kelp

than from fauna traps. In the kelp farm, the opposite was observed,

and, here, most of the fauna was captured by the fauna traps. This

might be explained by the fact that the wild kelp forests are complex

systems that have had years to establish a fauna community attached

to the kelp, while the young kelps in the farm provide a less

established and complex habitat, i.e., most of the animals are being

and have recently moved in from the surrounding wild forest,

therefore being captured by the fauna traps.

To conclude, our results show that despite the kelp farm having

fewer individuals and less taxa than wild kelp forests, it has an

associated fauna community typically associated with kelp. Thus,

kelp farms might serve as ‘hanging gardens’ in the period before

harvest, harboring a diversity of organisms that, in turn, can attract

fish to the vicinity of the farms. Further work should be done to

identify and quantify the abundance offish and other predators in and

around seaweed farms as this would potentially affect the resources of

commercial value for local fishers and fishing tourism. Furthermore,

the kelp farm tended to house fauna communities more similar to that

of the wild kelp forest directly surrounding the farm (in this case, the

L. hyperborea) than to the fauna communities of the farmed species’

wild counterparts. All of this considered, it could be essential to

consider the surroundings (the presence or absence of wild kelp

forests) when evaluating the potential role of kelp farming for local

and regional biodiversity. We recommend conducting more studies

on the biodiversity and ecological functioning of kelp farms along the

Norwegian and European coasts. This will evaluate and increase the

robustness of the conclusion from this work and secure a sustainable

development of the kelp farming industry.
TABLE 5 The most dominant fauna species/taxa associated with farmed S. latissima, growing for 3 or 7 months within the kelp farm.

Taxa Taxonomic group 3-month growth period 7-month growth period

Caprella sp. juveniles Amphipoda 0 28.6

Ischyrocerus anguipes Amphipoda 15.4 20.0

Idotea pelagica Isopoda 38.5 8.6

Margarites helicinius Gastropoda 15.4 17.1
Only the species/taxa with more than 10% of the number of the individuals in either of the locations (growth periods) were included. Note that two fauna traps were empty on retrieval in the farmed S.
latissima forest.
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