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ARTICLE INFO ABSTRACT

Keywords: Habitat provisioning, and the biodiversity within, is considered a type of “supporting” ecosystem service.
Ecosystem services Ecosystem services are the benefits humans receive from healthy ecosystems. We assess whether kelp (Saccharina
Aquaculture spp.) farms provide seasonal habitat for wild organisms. Contrary to other studies conducted in tropic seaweed
Seaweed . . s . s s .

Macroalgae fz.irms, we did not o‘.DserveAhabltat pr0v1s.10n1ng (.)r 1f1<:reased bl.odlversny at seasonal tempe.rate seawe.eed farm
Kelp sites compared to neighboring non-farm sites, which is encouraging news for the aquaculture industry given that
eDNA most farm gear is removed from the water after the spring harvest. We quantified fish and crustaceans interacting
GoPro with kelp farms using GoPro cameras. We also assessed small (<5 mm) invertebrates using mesh settling devices
Camera suspended at the same depth as kelp lines (2m). Visual surveys were paired with eDNA. There was coherence in
Invertebrate the conclusions drawn from observational and eDNA methods, despite weak coherence in the specific species

Fish identified between the methods. Both farm and non-farm sites exhibited higher species richness and biodiversity
in the summer non-growing season compared to the winter growing season, attributed to expected seasonal

species movements.

1. Introduction

The seaweed industry is rapidly growing in the United States, though
a majority of global seaweeds are produced and consumed in Asian
countries, primarily China (FAO, 2022). Over the last decade, improved
cultivation methods have enabled the industry to grow rapidly in the US,
with the state of Maine leading innovation in cultivation techniques and
production of biomass (Flavin et al., 2013; Kim et al., 2019; McKinley
Research Group, L, 2021; Piconi, 2020). Maine’s algae harvest has
increased from 6614 wet kg in 2015 to 226,796 wet kg in 2020
(MEDMR, 2020). With the continued projected growth of the industry
(Piconi, 2020), it is important to analyze how the addition of farm
structure and kelp biomass is interacting with wild ecosystems. One way
to examine kelp farm interactions with, or contributions to, existing
ecosystems is through the lens of ecosystem services.

Ocean and coastal ecosystems provide important ecosystem services
valued at billions of dollars each year (Beaumont et al., 2008; TEEB,
2012). Ecosystem services are material and non-material benefits
humans obtain at no cost from a healthy ecosystem (Daily, 1997;
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Westman, 1977). Ecosystem services provided by animal aquaculture
(finfish, bivalves, crustaceans), have been studied more extensively
compared to seaweed aquaculture (Weitzman, 2019). Ecosystem ser-
vices are often categorized into four groups: provisioning services (e.g.
providing food and products), regulating services (e.g. nutrient cycling),
cultural services (e.g. sense of place) and supporting (e.g. habitat pro-
visioning) (Barrett et al., 2022; Duarte et al., 2021; Gentry et al., 2020).
Provisioning services describe products that can be sold in the market-
place from the harvested seaweed. Regulating services of seaweed
aquaculture are currently being heavily studied, particularly how farms
can play arole in carbon cycling (Fujita et al., 2023; Krause-Jensen et al.,
2018; Krause-Jensen and Duarte, 2016; Ricart et al., 2022). Cultural
services recognize tacit values and human connection to an environment
towards a sense of wellbeing or livelihood. Supporting services of
seaweed aquaculture, including habitat creation, are the least studied
type of ecosystem service (Weitzman, 2019).

The limited amount of research that has been conducted on seaweed
aquaculture supporting services has focused on habitat creation (Bekkby
et al., 2023; Corrigan et al., 2022; Theuerkauf et al., 2022). However,
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the majority of these studies were conducted in tropical climate zones
(Anyango et al., 2017; de Carvalho et al., 2017; Eklof et al., 2006; Hehre
and Meeuwig, 2015; Theuerkauf et al., 2022). In temperate regions,
numerous studies list habitat creation as a potential ecosystem service of
seaweed aquaculture (Gentry et al., 2020; Hasselstrom et al., 2018; Préat
et al., 2018) but direct observations and measurements of biodiversity
have demonstrated that kelp farms harbor fewer individuals and less
taxa than wild kelp beds and do not provide equivalent habitat (Bekkby
et al., 2023; Forbes et al., 2022)

Seaweed is grown on suspended ropes near the water surface (2 m
depth), decoupling it from the benthos. Many finfish and large crusta-
ceans common in the Gulf of Maine are bottom-associated organisms,
including; American lobster (Homarus americanus), Atlantic cod (Gadus
morhua), Atlantic halibut (Hippoglossus hippoglossus), Atlantic sturgeon
(Acipenser oxyrhynchus oxyrhynchus), black sea bass (Centropristis
striata), cusk (Brosme brosme), haddock (Melanogrammus aeglefinus),
tautog (Tautoga onitis), thorny skate (Abrlyraja radiata), and winter skate
(Leucoraja ocellata) (Collette and Klein-Macphee, 2002). It can be
assumed these organisms would have little to no interaction with the
biomass of the kelp farm because they live and feed near or on the
benthic substrate and several of them migrate offshore during the winter
when farms are suspended in nearshore waters (Collette and
Klein-Macphee, 2002). Structural architecture of how the kelp biomass
grows on the farm could also affect smaller invertebrates that use wild
kelp holdfasts, stipes, and blades as microhabitats and influence trophic
interactions (Teagle et al., 2017; Walls et al., 2016). In a kelp farm, these
microhabitats are near the water’s surface displacing colonizing in-
vertebrates from benthic predators (Teagle et al., 2017).

The goal of this research is to assess habitat services of kelp farms, as
compared to analogous non-farm sites, in the Gulf of Maine. As the kelp
farming industry in Maine continues to grow, it is important to assess
how kelp farms impact the environment and ecosystems around them
(Visch et al., 2020), in comparison to these same areas if they otherwise
had no operating farms present. Although this novel study is
site-specific, factors such as kelp species cultivated, type of cultivation
gear, and local environmental characteristics, could vary across farms
within a geological region and change a farm’s habitat value (Alleway
et al., 2019; Theuerkauf et al., 2022). The value of marine habitat is
often viewed as its ability to support a fishery resource and is often
quantified using biomass or abundance data (Barrett et al., 2022; The-
uerkauf et al., 2022).

In this study, we compare traditional observational methods with
environmental DNA (eDNA) methods to determine if there is coherence
between observational and genetic methods when assessing community
composition in temperate kelp farms. eDNA can be extracted from
environmental samples such as soil and water (Taberlet et al., 2012).
eDNA methods rely on capturing skin cells, feces, gametes, or any other
cellular or extracellular DNA that has dissociated from the organism
(Monuki et al., 2021; Turner et al., 2014). More recently, eDNA methods
have integrated into ecological studies and are now used as a bio-
monitoring tool (Taberlet et al., 2012). Due to the novelty of this tech-
nique in ecology, few comparative studies between eDNA and
traditional community surveying methods have been done (Lamy et al.,
2021; Liu et al., 2019; Port et al., 2016; Stoeckle et al., 2021; Thomsen
et al.,, 2012). Though, it has been demonstrated that eDNA not only
detects species seen during underwater visual census, it outperforms
underwater visual census by detecting rare and cryptic species (Lamy
etal., 2021; Port et al., 2016). Interestingly, eDNA can detect differences
in vertical and horizontal spatial capacities within kelp forests (Monuki
et al., 2021). Given these findings, the relative cost-effectiveness, and
the recommendation of using eDNA to assess habitat services of seaweed
aquaculture (Corrigan et al., 2022; Taberlet et al., 2012; Thomsen and
Willerslev, 2015), there is potential for eDNA to replace traditional
survey methods for community analysis in, and out of, seaweed farms.

The aims of this research were to; (1) determine the alpha and beta
diversity of finfish and large crustaceans in kelp farms versus unfarmed
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sites using visual surveys; (2) determine the alpha and beta diversity of
small invertebrates in kelp farms versus unfarmed sites using visual
surveys; and (3) to verify whether conclusions drawn from eDNA
methods for assessing biodiversity align with those from visual assess-
ments of biodiversity. Due to structural decoupling of cultivated kelp
from the benthos, Maine’s benthic fish community assemblages, and the
seasonality of kelp farming, we hypothesized there may not be strong
differences in alpha or beta diversity between kelp farm and its non-farm
reference areas, despite documentation of seaweed farms providing
habitat in other regions (Alleway et al., 2019; Corrigan et al., 2022;
Gentry et al., 2020; Theuerkauf et al., 2022; Walls et al., 2016).

2. Methods

Since this study aimed to provide a starting point on the influence of
kelp farming on surrounding organism communities in the Gulf of
Maine, we quantified species richness (alpha diversity), biodiversity
(alpha diversity), as well as determine the specific organisms driving
changes between particular explanatory variables (beta diversity) using
observational methods of GoPro camera visual surveys and pelagic small
invertebrate collections. Environmental DNA (eDNA) methods were also
incorporated to determine whether genetic data corroborate with
observational data.

2.1. Study sites

This research was conducted on four licensed aquaculture sites in the
Gulf of Maine with two leases each in Saco and Casco bays (MEDMR,
2022) (Fig. 1). In Saco Bay, both farms were mono-culture experimental
leases growing Saccharina latissima (sugar kelp) and/or highly related
S. angustissima (skinny kelp) (Augyte et al., 2019). These farms were
located off the northeast coast of Ram Island and the southern coast of
Wood Island. The Ram Island farm (lease: SACO Rlx; —70.351666,
43.468467) resided in 13-17m of water at high tide and consisted of a
total horizontal grow line length and total harvested biomass of 354m
and 1,700 kg in 2021, and 560m and 1,830 kg 2022. The Wood Island
farm (license: CBYR121; —70.337042, 43.455984) resided in 6 — 9m at
high tide with a total horizontal grow line length and total harvested
biomass of 46m and 250 kg in 2021, and 60m and 300 kg in 2022. In
Casco Bay, the farms were standard leases located off the southwest
coast of Great Chebeague Island (lease: CAS CHEB2; —70.146710,
43.723977) and off the southeast coast of Clapboard Island (lease: CAS
CF3; —70.191074, 43.715364) and both grew skinny kelp. The lease
near Great Chebeague Island was a mono-culture lease residing in
9-12m of water at high tide with a total horizontal grow line length of 3,
657m and total harvested biomass of 23,975 kg in 2021 and 21,782 kg in
2022. Finally, the lease near Clapboard Island was a co-culture farm
growing kelp and blue mussels (Mytilus edulis) residing in 12-15m of
water at high tide with a total horizontal kelp grow line length of 4,
572m and harvested biomass of 21,905 kg in 2021 and 17,416 kg in
2022. The mussels were grown on 42,120m of vertical mussel ropes
hanging from 9 of the 12 rafts present, all with dimensions of 12m by
12m.

Each aquaculture farm plus a 100m radius around it will represent a
“site” and will be referred to by the island it resides near. Within each
site, two separate areas were designated, a farm area and a non-farm
area. The farm area was near (<5m) the outer grow line, and the non-
farm area was approximately 100m away from the kelp farm. Pre-
liminary evaluations demonstrated a change in water biochemistry and
community composition at this distance (Groves, 2019). The paired
farm and non-farm areas of a site were approximately the same depth
(+£1.5m) and had the same type of soft benthic substrate. Data was
collected year-round from November 2020 through August 2022. Sea-
sonality of the winter growing season compared to the summer
non-growing season was determined by the timing of deployment and
removal of the kelp farm. The winter growing seasons (farm structure
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Fig. 1. Study sites in southern Maine. Clapboard Island farm (A) and Chebeague Island farm (B) are located in Casco Bay. Ram Island farm (C) and Wood Island farm

(D) are located in Saco Bay.

and kelp biomass deployed) occurred from November 2020 to May 2021
and from December 2021 to May 2022. The summer non-growing sea-
son, with farm structure removed and kelp biomass harvested, occurred
from June 2021 to November 2021 and June 2022 to August 2022.

2.2. Camera visual surveys

GoPro cameras (Hero 6 and Fusion 360) were deployed to observe
large mobile finfish and crustaceans that may have been within our sites.
Each site was visited once a month during the mid-morning daytime
hours. Due to access limitations, sites in Saco Bay were primarily visited
near low tide while sites in Casco Bay were visited near high tide. During
the winter growing seasons at farm areas, three cameras were deployed
at two different camera positions: one surface camera and two benthic
cameras. In the farm area, a surface camera was attached to a farm
spacer buoy and a benthic camera was lowered onto the seafloor. In the
non-farm area, only a benthic camera was deployed due to the absence
of farm structure. Using this experimental design, we compare benthic
observations between a farm area and its reference. We also compare
surface and benthic observations within farm areas. During the summer
non-growing season, only benthic cameras in farm and non-farm areas
were deployed, due to the absence of farm structure to hold and stabilize
a surface camera. For both the winter growing and summer non-growing
seasons, the cameras were deployed to record activity for approximately
2 h on time lapse mode with an interval setting of 0.5sec. Camera
footage was watched using GoPro Player software and findings were
recorded. Each camera deployed was deemed one datum point for the
length of its drop duration.

2.3. Small invertebrate collections

Invertebrates were collected using round plastic kitchen scrubber
sponges measuring 8 cm in diameter (White et al., 2019) that were
housed in a large mesh bag to maximize waterflow through the sponges
and suspended at 2m below the surface of the water at the depth of the

kelp grow line. The mesh bag containing the sponges was attached to a
buoy - rope — anchor system and is hereafter referred to as the collector
device. Three sponges were used in each collector device, providing the
necessary surface area to collect a representative sample at times of low
biodiversity. Four invertebrate collector devices were independently
anchored at every site, with two collector devices in each of the farm
areas and two collector devices at each of the non-farm areas in order to
collect small invertebrates passing through the sites at the 2m depth of
the farmed kelp. The collector devices, that held the sponges, were kept
clean of biofouling throughout the sampling periods to maximize
waterflow and transport of small invertebrates to the sponges.

During the 2021 and 2022 winter growing seasons, invertebrates
were collected during two peak periods of the kelp life cycle. The first
collection sampling period was during the kelp’s peak productivity
(mid-February to late March) and the second sampling period was when
the kelp reached its peak biomass (early April to mid-May) (Grebe et al.,
2021). In addition, to be able to compare the invertebrate community
during the winter growing season to the summer non-growing season,
invertebrate collections were made at two additional sampling periods
during early summer (mid-June to mid-July) and during late summer
(mid-July to mid-August). These four time periods each lasted about
4-weeks and were repeated twice during the 2-year study (2020-2022).
At the end of a sampling period, the sponges were brought back to the
lab and stored in a —20 °C freezer until analysis. To dislodge in-
vertebrates from the porous sponges, the sponges were thawed, cut,
teased apart, and flushed with filtered seawater using sterile techniques.
The invertebrates were identified to the lowest possible taxonomical
level (genus or species), counted, and recorded.

2.4. Environmental DNA

Environmental DNA was collected in tandem with both camera vi-
sual surveys and small invertebrate collections in Saco Bay in 2021 to be
able to compare species detections across visual surveys and eDNA
methods. A targeted subset of samples, enough to address our objective
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on whether eDNA methods corroborate with visual methods, were uti-
lized. eDNA water samples were collected adjacent to camera de-
ployments on a subset of deployment dates (March 23rd, April 15th,
May 7th, June 9th, September 14th, and October 14th). Water was
collected near benthic cameras on all 6 dates and near surface cameras
on the 3 dates in March, April and May to correspond to the time when
the farm was deployed. eDNA water samples were also collected next to
surface invertebrate collector devices on the four dates when they were
retrieved for observation: April 7th to correspond to the cultivated
seaweeds peak productivity, May 13th to correspond to the cultivated
seaweeds peak biomass, July 22nd to correspond to early summer period
and August 27th to correspond to late summer period. On days when the
sponges were retrieved from the small invertebrate collection devices,
eDNA water samples were collected near and at the same depth of each
invertebrate collector device. Every eDNA water sample was collected
with a 5L Niskin, 1L of which was transferred into a bottle for trans-
portation. In between each sample, the Niskin was cleaned using a ten
percent bleach solution and three deionized water rinses. A negative
field control of sterile DI water was rinsed in the sterile Niskin and
collected to test our decontamination protocol for effectiveness. Samples
were transported in a cooler on ice to limit DNA degradation until the
water could be filtered which took place within 12hr of collection. Water
samples were filtered onto a Whatman nitrocellulose membrane filter
with pore size 0.2 pm and diameter 47 mm using sterile filter funnels and
a vacuum pump. Filters were rolled and put into labeled 5 mL centrifuge
tubes and stored in a —80 °C freezer until DNA extraction.

DNA was extracted using the Qiagen DNeasy PowerSoil Pro Kit
following the manufacturers protocol other than the first step, where the
beads were poured into the 5 mL tube containing the filter for the initial
bead-beating step instead of using the provided 2 mL tube. Each sample
was eluted in a final volume of 70 pL and stored at —20 °C. Total DNA
concentration was quantified using a Qubit 2.0 Fluorometer (Life
Technologies) and the Qubit dsDNA HS 1x assay. All samples were sent
to Integrated Microbiome Resource (IMR) at Dalhousie University for
amplicon sequencing, as described below.

Sixteen samples, from water collections coordinated with the camera
deployments, were amplified using the universal 12S MiFish primers
(Miya et al., 2015). Prior to shipping to IMR, these samples were PCR
amplified in triplicate and cleaned in house to remove erroneous bac-
terial amplification that occurs with these primers. A touchdown PCR
protocol was conducted using the Platinum superFi II Mastermix (Invi-
trogen) and the MiFish primers, with an initial activation at 95 °C for
2min, then 13 cycles of denaturing at 94 °C for 30sec, annealing at
69.5 °C (—1.5 °C/cycle) for 30sec and extension at 72 °C for 30sec,
followed by 25 cycles of denaturing at 94 °C for 15sec, annealing at
50 °C for 20sec, and extension at 72 °C for 20sec, a final extension at
72 °C for 5min and holding at 12 °C forever. PCR products were then
visualized on a 1.2% agarose gel and cleaned using the Select-a-Size
DNA Clean & Concentrator MagBead Kit (Zymo Research), following
the manufacturer’s protocol and quantified via Qubit. These amplicons
were then sent to IMR for sequencing.

A different set of sixteen samples, from water collections coordinated
with the small invertebrate collectors, were amplified in triplicate using
the universal 18S primers (Stoeck et al., 2010). These targeting the small
subunit RNA gene region. These samples did not need to be
pre-amplified and were sent as pure genomic DNA extracts. IMR carried
out library preparation for all samples and sequenced them on an Illu-
mina MiSeq platform (2 x 150 paired-end sequencing for the 12S
samples and 2 x 300 paired-end sequencing for the 18S samples).

Bioinformatic analyses were conducted using the Maine-eDNA dada2
pipeline (Tupper, 2023a, 2023b; Tupper & Sleith, 2023a, 2023b). In
short, this pipeline uses cutadapt (2.10) to remove primers and trim
reads, followed by DADA2 (4.2.2) to quality filter sequence reads,
generate an error model, identify amplicon sequence variants (ASVs),
and assign taxonomy. The 12S MiFish samples were analyzed using the
default parameters as defined on github, except for parameter TruncLen,
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which was set to (0,0) to account for the short (170bp) amplicon length
expected for this primer set. Taxonomic assignments were completed
using a hand-curated 12S database consisting of finfish species found in
the Gulf of Maine region. The 18S samples were analyzed using all
default parameters as defined on github, and taxonomic assignments
were completed using the PR2 database (https://pr2-database.org/).
For all samples, R package PHYLOSEQ was then used to filter ASVs to
retain only those that occurred at least 50 times across all samples.
Furthermore, ASVs that occurred in only one of the three triplicates for
each sample were removed, as well as ASVs that were singletons. At this
point, statistical analysis and data visualization were carried out on the
resulting dataset.

2.5. Statistical analysis

All statistical analyses were completed using R software, version
4.1.2 and significant statistical differences were determined at o = 0.05.
Six categorical variables (bay, site, area, camera position, season, time
period) were used to determine potential differences in alpha and beta
diversity measurements (Table 1).

For camera visual surveys, species richness was calculated as the
total number of species observed during one camera’s entire deploy-
ment. Species richness for small invertebrate collections was considered
the total number of species seen across small invertebrate collection
devices. Biodiversity was calculated for camera visual surveys and small
invertebrate collections using the Shannon diversity index, H = -Z(p; * In
(pD) (Shannon, 1948), where p; = (nj/N); the number of individuals for
species (i = n;) and total number of individuals across all species (N).
Normality and equal variance assumptions for parametric tests were
conducted prior to univariate analysis using Shapiro-Wilks and Levene’s
tests. If the response variables did not meet either assumption, then the
data were rank transformed (Conover and Iman, 1981). To determine
differences in alpha diversity measurements, a nested analysis of vari-
ance (ANOVA) was used since not all variables were independent of each
other. Data for alpha diversity analysis on camera visual surveys only
included benthic cameras, as those cameras were consistently deployed
through the entire study. To explore potential differences between
camera positions, a separate dataset containing only cameras deployed
in the farm areas, during the growing season was used to complete a
t-test.

For beta diversity, datasets for camera visual surveys and small
invertebrate collections were organized in two ways: by presence/
absence, and by relative abundance. Dissimilarities were calculated for
data organized as presence/absence (1- Sgrensen index) (Anderson
et al., 2011) and permutation analysis of variance (PERMANOVA) tests
were used to determine beta diversity differences. Negative binomial

Table 1
Description of each categorical variable used in statistical analyses assessing
species diversity.

Categorical Factors Description
Variables
Bay Casco Bay (CB), Saco Bay 2 bays
(SB)
Site Chebeague, Clapboard, 4 sites (Chebeague & Clapboard in
Ram, Wood CB; Ram & Wood in SB)
Area farm, non-farm reference Paired farm area and non-farm
area within each site
Camera benthic, surface Surface cameras deployed on
position farms during winter growing
season only
Season Winter growing season, Farming activity is inherently
Summer non-growing coupled with season
season
Time Period peak productivity, peak 4 periods each 4-weeks long during

biomass, early summer, late
summer

which small pelagic invertebrates
were collected
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modeling was used on data organized by relative abundance to deter-
mine beta diversity differences.

Non-metric multi-dimensional scaling (NMDS) plots were created

using eDNA data to determine potential organism community differ-
ences between explanatory variables. The NMDS plots were examined
for clustering, which indicates differences in organism communities
seen between explanatory variable factors. Whether clustering was
present or absent, was compared to whether significant differences were
found for observational univariate statistics.

3. Results

3.1. Diversity characterization

Across all observations, the camera visual surveys revealed 16 fin-

fish, large crustacean, and mammal species (Table 2). Typically, 1-2
species were seen per camera deployment with an overall range between
0 and 7 species per deployment. All deployments occurred during
daylight hours with 83.7% of the camera deployments occurring be-
tween 8:00-13:00 eastern standard time. These findings were made
from a total of 160 camera deployments each with a duration averaging
2.11 SD +0.30 h (range: 1.75-2.75) and conducted between November
2020 and August 2022 capturing a total of 338 h of footage across all
deployments. The duration of deployment did not affect the species
richness or biodiversity observed (Fig. S1). Beta diversity was analyzed
according to both species’ presence and abundance. The species seen
most often on cameras was the Atlantic rock crab (Cancer irroratus) with
59 individual sightings. Jonah crabs (Cancer borealis) were the second
most sighted (54 times) and American lobsters (Homarus americanus)
were sighted 42 times. Average dissimilarities using 1- Sgrensen index
were 0.69 (range 0-1) for camera visual surveys. The PERMANOVA and
negative binomial modeling from the camera visual surveys suggests the
same species are driving these differences (Table 3).

The small invertebrate collections revealed 15 species (Table 4). The

Table 2
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amphipod (Lembos websteri) comprised of 34.8% of total small in-
vertebrates caught. The second most abundant species caught across all
collections was the copepod (Paracalanus sp.) (24.7%) and the third
most abundant was the skeleton shrimp (Caprella linearis) (20.4%).
These findings were made from a total of 88 invertebrate collection
devices that were analyzed across the four sampling time periods: peak
seaweed productivity, peak seaweed biomass, early summer, and late
summer, each lasting about 4 weeks. Average dissimilarities using 1-
Sgrensen index were 0.55 (range 0-1) for small invertebrate collections
leading to different conclusions from these two analyses (Table 3).
Specifically, the Permanova result suggests a difference in the presence/
absence of species between seasons and between time periods whereas
the diversity negative binomial modeling of abundance suggests that
there is also a weak difference in diversity between bays and between
sites (Table 3).

The eDNA MiFish database for finfish revealed 43 species. These
findings were made from a total of 16 independent water samples taken
in Saco Bay on dates March 23rd, April 15th, May 7th, June 9th,
September 14th, and October 14th in 2021 (Table 2). The MiFish
database is specific to finfish and does not include crustaceans. It was the
only sequencing database used on benthic water samples to correspond
with benthic camera deployments where finfish were expected to be
observed.

The eDNA 18S sequencing and PR2 database revealed 411 species. A
total of 16 independent water samples were taken in Saco Bay on dates
April 7th, May 13th, July 22nd, and August 27th in 2021 (Table 4).
When looking at species detections, we saw 7 joint presences between
eDNA and camera visual surveys, 7 species were present on cameras but
not eDNA and 21 occurrences of organisms were present in eDNA but
not on a camera (Table 2). For small invertebrate collections, we saw 4
joint presences between eDNA and small invertebrate collectors, 35
occurrences of organisms present in collectors but absent in the eDNA
and 2 occurrences of organisms present in eDNA but not in collectors
(Table 4).

The species list represents all species observed on cameras at any of the locations throughout the duration of the study
(2020-2022). Water samples for eDNA analysis were collected on these 6 dates in 2021 in Saco Bay while the cameras were
deployed. Organisms detected by 12S eDNA sequencing and the MiFish database are shaded grey, and organisms observed on
camera on that same date are noted with an “X”. There were additional species identified by the MiFish eDNA database that are

not listed here.

Species

Mar
23

Oct
14

Apr Jun

15

May
07

Sep
14

Acipenser oxyrinchus (Atlantic sturgeon)

X

Brevoortia tyrannus (Atlantic menhaden)

09
X
X

Clupea harengus (Atlantic herring)

Cyclopterus lumpus (lumpfish)

Hemitripterus americanus (sea raven)

Morone saxatilis (striped bass)

Myoxocephalus Scorpius (shorthorn sculpin)

Tautogolabrus adspersus (cunner)

Pholis gunnellus (rock gunnel)

Pseudopleuronectes americanus (winter flounder)

Leucoraja erinacea (little skate)

Cancer borealis (Jonah crab)

Cancer irroratus (Atlantic rock crab)

Carcinus maenas (green crab)

No crustaceans or mammals included

Homarus americanus (American lobster)

in the 128 primer and MiFish database

Poca vitulina (harbor seal)

Phocoena phocoena (harbor porpoise)
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Table 3

Results from camera visual surveys and small invertebrate collections multi-
variate statistical analysis, PERMANOVA (presence/absence) and negative
binomial modeling (relative abundance) between seasons (winter growing,
summer non-growing), bays (Saco, Casco), sites (Ram, Wood, Clapboard, Che-
beague), areas (farm, non-farm), camera position (surface, benthic) and time
period (peak productivity, peak biomass, early summer, late summer) a = 0.05.

df F-value p-value
Wald value

Camera Visual Surveys
Season

- PERMANOVA 1 7.16 0.0002

- Negative binomial modeling 1 62.94 0.001
Bay

- PERMANOVA 1 5.44 0.001

- Negative binomial modeling 1 40.96 0.001
Site

- PERMANOVA 3 3.07 0.002

- Negative binomial modeling 3 87.25 0.001
Area

- PERMANOVA 1 0.70 0.57

- Negative binomial modeling 1 23.09 0.14
Camera Position

- PERMANOVA 1 9.12 0.0002

- Negative binomial modeling 1 30.99 0.001
Small Invertebrate Collections
Season

- PERMANOVA 1 37.76 0.0002

- Negative binomial modeling 1 19.29 0.001
Time Period

- PERMANOVA 3 16.86 0.0002

- Negative binomial modeling 3 20.26 0.001
Bay

- PERMANOVA 1 1.65 0.17

- Negative binomial modeling 1 6.43 0.04
Site

- PERMANOVA 3 0.78 0.59

- Negative binomial modeling 3 9.01 0.02
Area

- PERMANOVA 1 0.10 0.98

- Negative binomial modeling 1 1.63 0.99

3.2. Spatial farm effect

All sampling methods - GoPro visual surveys, small invertebrate
collectors and eDNA - indicated that there were no significant differ-
ences in species richness or in Shannon diversity indices, for both alpha
(Tables 5 and 6) and beta (Table 3) diversity, between kelp farms and
non-farm reference areas (Fig. 2a, Fig. 3a). Though no spatial differences
between kelp farms and non-farm reference areas could be detected,
there were some spatial differences detected between sites and vertical
camera position (i.e., depth). These spatial differences in species rich-
ness and diversity varied temporally and across sampling method.

Significant differences in species richness of large mobile organisms
viewed on cameras were found between sites within Casco Bay (Clap-
board mean = 3.36 SD +1.40 (range: 1-7), Chebeague mean = 1.52 SD
+1.21 (range: 0-4)) (Table 5). Significant differences in Shannon di-
versity indices of large mobile species also exist between sites (Table 5).
Specifically, differences were found between Clapboard and Chebeague,
Ram and Chebeague, as well as Wood and Chebeague during the sum-
mer non-growing season (Clapboard mean = 1.12 SD +0.42 (range:
0-1.89), Chebeague mean = 0.38 SD +0.49 (range: 0-1.39), Ram mean
= 0.96 SD £0.49 (range: 0-1.39), Wood mean = 0.73 SD +0.47 (range:
0-1.39)).

Multivariate analysis showed significant community differences in
the types of species between Saco and Casco Bay as well as between sites
within the bays (Table 3). There were four organisms significantly
driving differences between bays sites: Atlantic rock crabs (Cancer
irroratus), green crabs (Carcinus maenas), Jonah crabs (Cancer borealis),
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and winter flounder (Pseudopleuronectes americanus). Casco Bay had
higher abundances of Atlantic rock crabs (46 vs. 13 individuals in Saco
Bay), green crabs (23 vs. 6 individuals in Saco Bay), and Jonah crabs (37
vs. 17 individuals in Saco Bay). These 3 crabs were also driving differ-
ences between sites with higher abundances of these organisms sighted
at the co-culture farm off of Clapboard Island; Atlantic rock crabs
(Clapboard: 29, Chebeague: 17, Ram: 7, Wood: 6), green crabs (Clap-
board: 17, Chebeague: 6, Ram: 4, Wood: 2), and Jonah crabs (Clapboard:
24, Chebeague: 13, Ram: 10, Wood: 7). Whereas winter flounder was
seen more in Saco Bay with an abundance of 6, compared to only one (1)
winter flounder sighting in Casco Bay. Winter flounder also drove dif-
ferences between sights with 5 individuals seen at Wood, one (1) seen at
Ram, and zero (0) flounder sightings at Clapboard and Chebeague island
sites. Similarly, eDNA MiFish NMDS plots show clustering based on site
(Fig. 2).

Significant differences in relative abundance of small invertebrates
between bays and sites were found (Table 3). However, only one or-
ganism, tunicate Ciona intestinalis, was found driving these differences.
This organism was seen in higher abundances in Casco Bay with 438
individuals collected vs. only one (1) in Saco Bay. This organism also
drove differences between sites with higher abundances seen at the
Chebeague Island site with 290 individuals collected (Clapboard: 148,
Ram: 1, Wood: 0).

Examining a subset of the dataset that consisted of data collected
from farm areas only during times that farms were deployed (the winter
growing season), allowed us to determine if significant differences in
alpha and/or beta diversity were present between cameras position at
the benthos and on the grow line (2m from the surface). Significant
differences in species richness (p-value = 0.003), but not Shannon di-
versity indices (p-value = 0.23), were found between camera positions
where more species were seen on benthic cameras (benthic mean = 0.74
SD +0.93 (range: 0-4), surface mean = 0.19 SD +0.40 (range: 0-1)).
Significant differences in beta diversity were also found between camera
positions where only one organism, lumpfish (Cyclopterus lumpus), was
significantly driving 58.9% of differences, with 100% of lumpfish
captured on surface cameras. Average dissimilarities using 1- Sgrensen
index were 0.81 (range 0-1) for camera visual surveys exclusively
looking at camera position during the growing season. The eDNA MiFish
NMDS plots do not show a relationship between the camera positions
(Fig. 2d). Lumpfish were not observed in the eDNA data set despite being
represented in the MiFish database and having been observed on
cameras.

3.3. Seasonal farm effect

Season is inherently coupled with farming activity and exhibited a
strong temporal effect on species richness and biodiversity (Tables 3, 5
and 6, Fig. 3b). Mean species richness for finfish and large crustaceans
observed on cameras are 0.65 SD +0.81 (range: 0-4) for the winter
growing season and 2.48 SD +1.46 (range: 0-7) for the summer non-
growing season. Mean Shannon diversity indices for these same spe-
cies are 0.08 SD +0.27 (range: 0 = 1.33) in the winter growing season
and 0.77 SD +0.55 (range: 0-1.90) in the summer non-growing season.
These seasonal differences were primarily driven by American lobster
(Homarus americanus), which significantly contributed nearly 50% to
the difference in types of species seen between the winter growing and
summer non-growing season. Two other organisms, schools of Atlantic
menhaden (Brevoortia tyrannus), and Atlantic rock crabs (Cancer irror-
atus), significantly contributed 22.8% and 8.4%, respectively, to dif-
ferences seen between seasons. American lobster and Atlantic menhaden
were only seen during summer non-growing seasons, with an abundance
of 42 individuals for lobsters and 18 schools of menhaden across both
summers. Twelve (12) individual Atlantic rock crabs were seen across
both winter growing seasons whereas 47 sightings were made across
both summer non-growing seasons.

Similar to the camera visual surveys, season affected small
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Table 4
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This list of species represents all species collected with small invertebrate devices at any location throughout the study duration
(2020-2022). Water samples for eDNA analysis were collected on dates specified in 2021 in Saco Bay, when the invertebrate
collectors were retrieved after a ~4 week soak time. Organisms detected by 18S eDNA invertebrate sequencing and PR2
database are shaded grey and organisms observed in collector devices are noted with an “X”. There were additional species
identified by the 18S eDNA sequencing and PR2 database that are not listed here.

Species Peak Peak Early Late

Productivity Biomass Summer Summer
Apr 07 May 13 Jul 22 Aug 27

Astyris lunata™ X

Calanus sp. X X

Caprella linearis X X X X

Parvicardium sp. X

Ciona intestinalus X X

Gammarus sp. X X X

Hiatella arctica X X

Idotea baltica X X X

Lacuna vincta™* X X X X

Lembos websteri* X X X X

Mytilus edulis X X X X

Paracalanus sp. X X X

Pseudocalanus sp. X X X

Semibalanus balanoides X

Ancinus sp. X X X

*QGenus not included in PR2 database.

**Lacuna eDNA detected. PR2 database included species L. pallidula, and not L. vincta, which

are highly related at 18S gene.

Table 5

Nested ANOVA results for camera observations of finfish and other large mobile
species richness and Shannon diversity indices between seasons (winter
growing, summer non-growing), bays (Saco, Casco), sites (Ram, Wood, Clap-
board, Chebeague) and areas (farm, non-farm). a = 0.05.

df SumSq  Mean F-value p-value
Sq
Species Richness rowhead
- Season 1 70,927 70,927 107.408 <0.0001
- Bay 2 1332 666 1.008 0.368
- Site 3 18,971 47,443 7.182 <0.0001
- Area 8 3043 380 0.576 0.796
residuals 113 74,619 660
Shannon Diversity Indices
rowhead
- Season 1 59,512 59,512 109.508  <0.0001
- Bay 2 679 339 0.625 0.537
- Site 4 19,551 4888 8.994 <0.0001
- Area 8 3355 419 0.772 0.628
residuals 113 61,410 543

invertebrate alpha (Table 4) and beta (Table 3) diversity measurements
as observed in the small invertebrate collector devices. Results show
species richness and Shannon diversity indices approximately 2-3 times
higher in the invertebrate collector devices, respectively, during the
summer non-growing season (mean richness 7.45 SD +1.47 (range:
5-11); mean diversity 1.42 SD +0.31 (range: 0.64 + 1.87)) compared to
the winter growing season (mean richness 4.13 SD +1.98 (range: 1-8);
mean diversity 0.53 SD +0.45 (range: 0-1.61).

Five species — (clam (Hiatella arctica), amphipod (Lembos websteri),
mussel (Mytilus edulis), skeleton shrimp (Caprella linearis), and copepod
(Pseudocalanus spp.) — found in the small invertebrate collector devices
drove 70.2% of the significant community differences between the
winter growing and summer non-growing season, as well as drove
59.5% of the significant differences between time periods within the

Table 6

Nested ANOVA results of collected small invertebrate species richness and
Shannon diversity indices between seasons (winter growing, summer non-
growing), and time periods (peak seaweed productivity, peak seaweed
biomass, early summer, late summer), bays (Saco, Casco), sites (Ram, Wood,
Clapboard, Chebeague) and areas (farm, non-farm). o = 0.05.

df Sum Sq Mean Sq F-value p-value

Species Richness

- Season 1 120.61 120.61 46.903 <0.0001

- Time Period 2 25.97 12.99 5.051 0.022

- Bay 4 17.77 4.44 1.728 0.199

- Site 8 20.33 2.54 0.988 0.484

- Area 14 31.50 2.25 0.875 0.597
residuals 14 36.00 2.57
Shannon Diversity Indices

- Season 1 3928 3928 40.448 <0.0001

- Time Period 2 610 305 3.143 0.075

- Bay 4 253 63 0.652 0.635

- Site 8 150 19 0.193 0.987
- Area 14 794 57 0.584 0.837
residuals 14 1230 97

seasons. Four (4) of these species were found almost exclusively during
the summer non-growing season with abundances changing from 4 in
the winter to 1619 in the summer for the clam, 14 to 6045 for the
amphipod, zero (0) to 283 for the mussel, and 25 to 3536 for the skeleton
shrimp. The clam, amphipod, and mussel also drove differences between
time periods, peak productivity (PP), peak biomass (PB), early summer
(ES), and late summer (LS). These 3 organisms were found in higher
abundances during the late summer period; clam (LS: 998, PP: 3, PB: 1,
and ES: 621), amphipod (LS: 5,751, PP: 2, PB: 12, ES: 294), mussel (LS:
155, PP: 0, PB: 0, ES: 128). Conversely, copepods (Psuedocalanus spp.)
were found almost exclusively during the winter non-growing season
with abundances of 165 vs. only 9 during the summer non-growing
season. Copepod (Psuedocalanus spp.) also drove significant
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Fig. 2. NMDS plot with 95% confidence interval ellipse visualizing finfish eDNA results using 12S sequencing and MiFish database. There was no difference in
organisms found between areas (panel a), between seasons (panel b), or between camera positions (panel d) as shown by the lack of clustering. There is a difference

in organisms found between sites, as shown by clustering (panel c).

differences between time periods, being found in higher abundances
during the kelp’s peak biomass period (PB: 98, PP: 67, ES: 9, LS: 0). The
eDNA 18S sequencing invertebrate analysis corroborates with the
observational invertebrate collection statistical analysis. NMDS plots
using 18S sequencing to detect species show clustering between seasons
and time periods within each season (Fig. 3b, d).

4. Discussion

Due to the seasonality of the kelp farming activities, Gulf of Maine
kelp farms do not appear to be enhancing habitat for mobile organisms
as previously anticipated by other studies. The cold-water conditions
needed to cultivate kelp (5-10 °C) (Kim et al., 2015) are opposite to that
of many other commercial fisheries species inhabiting the Gulf of Maine,
such that many commercially-targeted species migrate offshore during
the winter and return in the summer minimizing the temporal overlap in
space use of near shore coastal environment. Further contributing to the
mismatch in timing and lack of overlap between marine farms and an-
imals is that most of the seaweed farm gear in this region is removed for
half of the year to accommodate lobstering, and other commercial
fishing activities, making seaweed farms more ephemeral than other
types of aquaculture farms. American lobster was the most important
organism driving changes between the winter growing and summer
non-growing seasons with more lobster seen during the summer
non-growing season, when the fishery is active.

Several factors might affect the habitat quality provided by farmed
kelp including, local environmental conditions, cultivation gear utilized,
farm management practices, species cultivated, and intensity/scale of

culture (Theuerkauf et al., 2022). In particular, the structural architec-
ture of suspended kelp near the surface waters, decoupling the kelp
biomass from the benthic substrate, could also influence habitat provi-
sioning of kelp farms in the Gulf of Maine. Where kelp biomass is
positioned in the water column influences fish recruitment (de Carvalho
et al., 2017; Eklof et al., 2006). For example, red seaweed cultivated on
floating rafts showed that the species assemblages were not significantly
different between the farm and controls (de Carvalho et al., 2017)
whereas farms deployed on the benthos within seagrass beds, found a
higher number of species in seaweed farms when compared to controls
(Eklof et al., 2006). Since the historical primary fish assemblage in the
Gulf of Maine are benthic and kelp biomass is cultivated near the water’s
surface, it is not surprising that no significant difference was found be-
tween the farms and non-farm reference areas (de Carvalho et al., 2017).

Furthermore, the amount and type of gear in the water may influence
species differences. Atlantic rock crabs, green crabs, and Jonah crabs
were seen creating significant differences in beta diversity measure-
ments for camera visual surveys between sites. Specifically, all three of
these organisms were found in higher amounts around the co-culture
farm near Clapboard Island. Species richness was also found signifi-
cantly higher at Clapboard Island farm when compared to Chebeague
Island farm, which was during the summer non-growing season, when
the only gear left in the water is the mussel aquaculture rafts. The
combination of these results may suggest that the additional gear asso-
ciated with the co-culture farm may be attracting more and different
types of organisms during the summer non-growing season.

When looking in the farm areas, specifically during the winter
growing season, both the multivariate statistics and the univariate test of
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Fig. 3. NMDS plot with 95% confidence interval ellipse visualizing invertebrate eDNA results using 18s sequencing and PR2 database. Spatially, there was no
difference in organisms found between areas (panel a) or between sites (panel c), as shown by the lack of clustering. Temporally, there as a difference in organisms
found between seasons (panel b) and between time periods (panel d) as shown by clustering (ES early summer; LS late summer; PB peak biomass; PP peak pro-
ductivity). The outlier samples 26a, 26b, 26¢ were collected on April 7, 2021 (PP) at the Ram Island farm area in Saco Bay and were identified as entirely Calanus

copepod. All other samples consisted of a mixture of species.

species richness across camera position indicated a statistically signifi-
cant difference in species observed between the benthic and surface
cameras within a farm. This was not surprising as ground fish were
anticipated to be seen and was a major motivation for incorporating
benthic cameras into the study design. However, this difference was not
driven by abundance of groundfish, but rather by the presence of ju-
venile lumpfish (Cyclopterus lumpus), which were only captured on farm
surface cameras sheltering within the kelp biomass. Interestingly, we
had a few sightings of mammals on our benthic cameras, namely seals
who seemed curious about the deployed camera and field gear.

4.1. Coherence between direct observation and eDNA approaches

eDNA is a relatively new method in marine ecology and has not been
readily applied in kelp aquaculture studies. Studies performed in eco-
systems where community assemblages are well documented claim that
eDNA outperforms traditional survey methods by detecting rare and
cryptic species (Gold et al., 2021; Lamy et al., 2021; Liu et al., 2019; Port
et al., 2016; Thomsen et al., 2012). As such, this study aimed to deter-
mine if eDNA results supported camera visual surveys and small inver-
tebrate findings. With the cameras observing for only a small period of
time due to limited battery life and challenging winter conditions for
field work, eDNA provides a different way to “look” for organisms with

extended residence time (Kelly et al., 2017).

eDNA results show no differences between the farm and non-farm
areas, which is the same conclusion from by the camera visual surveys
and small invertebrate collections. eDNA also showed differences be-
tween seasons for 18S eDNA samples associated with small in-
vertebrates. There was lack of coherence between the visual and eDNA
datasets when examining the MiFish 12S eDNA samples for season and
camera position. The lack of difference in season and camera position
found in the eDNA data, which contrasted the visual camera surveys,
was most likely because two large crustaceans, American lobster
(Homarus americanus) and Atlantic rock crab (Cancer irroratus),
commonly seen on the cameras were not present in the MiFish database.
Important to note is that no lobster or crab species were observed with
the 18S sequencing and PR2 database from the surface water collected
near the small invertebrate collectors, which is not surprising as large
crustaceans are found near the benthos and not in the surface water.
Alternatively, the lack of statistical difference in vertical separation
between camera positions as examined in the MiFish eDNA data
(Fig. 2d) could be an indicator that eDNA methods are not precise over
shallow depths. Therefore, the utilization of observational methods, in
combination with eDNA methods, proved quite informative in this
study.

Despite these few instances where MiFish 128 failed to demonstrate
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coherence with observational methods due to the lack of crustaceans in
the primer database, we otherwise see strong coherence in the conclu-
sions we draw for the categorical variables we examined. Supporting our
primary aim of this study, there was coherence in the conclusions drawn
from the observational camera analysis and the 12S MiFish eDNA NMDS
analysis in that there was no difference in organisms found at farm and
non-farm sites (Fig. 2a), and there were differences in organisms found
between the Ram and Wood Island sites (Fig. 2c). There was also
demonstration of coherence between the 18S invertebrate sequencing
NMDS plots and the small invertebrate collections.

4.2. Conclusion

As natural capital, like wild kelp forests, have been steadily
decreasing (Sukhdev et al., 2014), it is important to consider the
ecosystem services provided by human-derived systems, such as kelp
farms. Farm ecosystems are not a replacement for wild ecosystems, but
they do offer some restorative or regenerative properties that can help
buffer against climate impact (Forbes et al., 2022; Mizuta et al., 2023).
Analyzing the data using multiple methodologies and multiple types of
statistical analysis gives us confidence in our conclusions. Seeing a lack
of statistical difference in the species richness, biodiversity, presence,
and abundance between farm and nonfarm areas suggests that wild
organisms are not using Gulf of Maine seaweed aquaculture farms as
habitat, which is encouraging news for the aquaculture industry given
that most farm gear is removed from the water after harvest. Overall,
kelp farms do not appear to be attracting mobile organisms nor driving
organisms away as there are few species present during the winter
growing season, compared to the summer non-growing season. These
findings relay a positive message for seaweed farming in the Gulf of
Maine. In other geographies using other methods of farming, the results
of this type of study and the implications to industry may be very
different. Therefore, it is important to examine supporting ecosystem
services, such as habitat provisioning, across a variety of spatial and
temporal scales, and across geographies.
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