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ABSTRACT

Seaweed mats are a consequence of eutrophication in coastal waters and can have negative ecological impacts.
Consequently, many European environmental assessment frameworks (e.g. the Water Framework Directive, Marine
Strategy Framework Directive) monitor seaweed mat biomass. Ulva, commonly referred to as sea lettuce, is often assumed
to be the dominant taxon, but mats can contain multiple Ulva species, and other taxa, and within-mat diversity is often
poorly known. Understanding the composition of seaweed mats has implications for nutrient removal from coastal waters
because seaweeds uptake and store nutrients differently between species, time of year and location. The use of traditional
molecular methods to identify seaweed species cannot easily be applied to mats. In contrast, with the development of Next
Generation Sequencing and Cleaved Amplified Polymorphic Sequences assay, a bulk sampling approach for monitoring the
seaweed species within mats can be applied. Here, we applied this bulk sampling approach to monitor seaweed species at
four sites: three estuarine sites containing mudflats and one exposed sandy site across the English Channel/La Manche
region that historically and currently have occurrences of seaweed mats. We assessed variability between sites with respect
to biomass, entrainment, species composition and seasonality. The highest mat abundance was found at Holes Bay, Poole,
UK and entrainment or burial of seaweed within the sediment was found at two sites, Holes Bay and the Ledano Estuary,
France, correlating with similar sediment types and high seaweed biomass. Foliose Ulva lacinulata dominated at Holes Bay,
while Langstone Harbour, Portsmouth, UK had many tubular and filamentous green species and one brown filamentous
species. At the two French sites we identified foliose Ulva species. This study demonstrates the high seaweed species
diversity and biomass that can be found within macroalgal mats, information that will be important in the refinement and
development of model-based nutrient removal estimates as part of nutrient mitigation and management strategies.

HIGHLIGHTS

« We demonstrate a novel approach to the assessment of seaweed mat diversity.

« High mat-forming potential and dominance of Ulva lacinulata was measured at Holes Bay and Ulva species diversity
characterized at all locations.

o Mat biomass and entrainment varied significantly with environmental conditions and between locations within close
proximity to each other.

« We highlight the importance of consistent monitoring of seaweed species, biomass, per cent cover and entrainment to
enhance coastal marine management efforts.
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Introduction

High nutrients in coastal estuaries tend to favour
seaweed (macroalgae) growth, which may lead to
accumulations and the formation of mats (Valiela
et al., 1997; Teichberg et al., 2010). Seaweeds occur-
ring in heavily nutrient-impacted estuaries tend to be

annual, dominating perennial seaweeds attached to
substrate, and as growth continues, detachment
occurs (Littler & Littler, 1981; Valiela et al., 1997;
Kletou et al., 2018). Green seaweeds (Chlorophyta)
such as the genera Chaetomorpha, Cladophora, and
Ulva tend to bloom in excess during the summer
when light and temperature are favourable (Liining,
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1993; Valiela et al., 1997; Smetacek & Zingone, 2013;
Wang et al., 2015; Bermejo et al., 2019). These genera
are thought of as the dominant opportunistic sea-
weeds in the mats that occur in temperate estuaries
and can be found detached from the substrate or
entrained (buried) in muddy, intertidal sediment.
Loose seaweed can be mobile, leading to high varia-
bility in accumulation and entrainment in the sedi-
ment, usually defined as >3 cm depth (Witt, 2022),
which is thought to be an important overwintering
mechanism in some species, enhancing the likelihood
of blooms occurring in the spring and summer
months (Gonzalez et al., 2013; Robertson & Savage,
2018).

Seaweed mats can cause seagrass, salt marsh, and
benthic invertebrate declines as well as decreased
water quality (Valiela et al., 1997; McGlathery et al.,
2001; Thornton, 2016). Mat domination can blanket
other ecologically important communities, inhibiting
light, causing changes in oxygen concentrations in
the water and sediment, and can enhance potentially
harmful sulphide concentrations (Gamenick et al.,
1996; Raffaelli et al., 1998). Nutrient requirements
in seaweeds are well known experimentally and can
be helpful to identify nutrient-loading reduction tar-
gets with the idea that reductions in nutrient loads
will reduce macroalgal production (Atkinson &
Smith, 1983; Fujita et al., 1989; Hernandez et al.,
2008). The Water Framework Directive (WFD,
2000/60/EC) and the Marine Strategy Framework
Directive (European Commission, 2008; MSFD,
2008/56/EC) are part of European Union legislation
that requires governing agencies to monitor ecologi-
cal and water quality parameters within estuaries and
transitional waters (Witt, 2022) and are mirrored
globally in other environmental management frame-
works. The primary purpose of the WFD and MSFD
are to monitor the ecology of a water body to deter-
mine where action is needed to enhance the function
of the ecosystem and to promote good ecological
status. Seaweed mats are monitored (with some
national variations into what types are assessed) as
a metric of the WFD framework as mats can cause
harm to an ecosystem if at high biomass concentra-
tions. However, for consideration of water body sta-
tus (e.g. good, poor) other parameters are considered
such as per cent biomass cover of affected area (AA)
as a proportion of the available intertidal habitat
(AIH) or area of biomass in the system, and nutrient
concentrations in the water column and tributaries.
The measurement of these parameters allows for
a whole system approach to assessing impacts of
seaweeds on the ecosystem (WFD, 2000; Scanlan
et al., 2007; Perrot et al., 2014). In many European
coastal water bodies, seaweed species compositions
are not monitored routinely, and therefore an impor-
tant understanding of nutrient storage between

species and the mats is not assessed for possible
bioremediation methods. Recent Korean monitoring
efforts, e.g. Han et al. (2023) based on a previously
defined ecological index (Orfanidis et al., 2011),
assess informative characteristics of seaweed mats
that aid understanding of the mat community, eco-
system status and potential usages. These character-
istics are based on morphology and species
identification, growth rates, phenotype adaptability
and lifespan (Orfanidis et al., 2011).

Ecosystem primary production prediction models
typically use a one-size-fits-all approach to coastal
green seaweeds calling them Ulva sp., Ulva lactuca
Linnaeus (sea lettuce) or simply macroalgae
(Trancoso et al., 2005; Aldridge & Trimmer, 2009;
Lavaud et al., 2020). Ulva species can be very difficult
to identify due to high morphological variability in
response to changes in environmental conditions
(Wang et al., 2015; Gao et al., 2016). Seaweed mats
can consist of several species and diversity can be
cryptic, especially with Ulva (Hofmann et al., 2010;
Melton & Lopez-Bautista, 2021). Ulva tends to dom-
inate mat biomass because of their ability to exploit
high nutrient regimes (Taylor et al., 2001; Bermejo
et al., 2019, 2022). Seaweeds, including Ulva species,
uptake and store nutrients in different amounts sea-
sonally (Wu et al, 2018; Jansen et al., 2022).
Variability is explained, in part, by different seasonal
growth rates, but likely also by changes in biomass
composition due to variations in environmental con-
ditions. Ulva species exhibit intraspecific and inter-
specific variation in growth rates (Fort et al., 2019),
thus the present ecosystem primary production pre-
diction models would benefit from better parameter-
ization via use of species-specific information.

The management simplification in labelling green
seaweeds arises due to the difficulty in identifying
Ulva and other greens based on morphology alone.
A rapid cost-effective assessment method for deter-
mining seaweed mat composition is needed for man-
agers of coastal systems. Metagenomics via Next
Generation Sequencing (NGS) and the Cleaved
Amplified Polymorphic Sequences (CAPS) assay are
two novel methods for identifying seaweeds using
bulk samples (Fort et al., 2018, 2020). Traditional
Sanger sequencing for DNA Barcoding has limita-
tions in that only one specimen can be analysed at
once, and as a result, if several species are present on
site, numerous samples will need to be analysed to get
a proper quantitative and qualitative view of the
species present (O’Kelly et al, 2010; Kirkendale
et al., 2013). With NGS, bulk samples can be collected
and species can be detected through a bioinformatic
pipeline (Anyansi et al., 2020). Alternatively, the
CAPS is a sequencing-free assay (Fort et al., 2021),
which can identify Ulva species based on their unique
band patterns following digestion of the ITS1 barcode



with restriction enzymes. The CAPS assay is currently
only designed for foliose Ulva species identification
due to genetic library development, and therefore, has
limitations in identifying tubular species.

The aims of this study were to quantify seaweed
biomass in both free-floating and entrained speci-
mens within seaweed mats at three coastal estuaries
and one exposed site across the Channel/La Manche
region. The purpose was to assess feasibility for bior-
emediation and nutrient removal and compare bio-
mass thresholds characterized in other systems to aid
in determining the ecosystem status of our sites. We
aimed to better understand mat composition by col-
lecting bulk samples to identify seaweed species
within the mats using NGS to understand cryptic
diversity mainly in the green seaweed Ulva, leading
to understanding of nutrient content and potential
storage throughout the seasons.

Materials and methods
Sampling locations and site designations

Sampling occurred at four locations from Jan 2021-
Dec 2022 across the Channel region, two in the
UK (Holes Bay in Poole Harbour and Langstone
Harbour), and two in France (the Ledano Estuary and
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La Baie des Veys). Poole Harbour is designated as a Site
of Special Scientific Interest (SSSI), Ramsar (designated
under the Convention of Wetlands of International
Importance as Waterfowl Habitat), and a Special
Protection Area (SPA). Holes Bay (50°43'20"N, 001°
59'44"W) is an enclosed bay of Poole Harbour located
in the northeast of the harbour that has silt mudflats and
salt marsh environments (Fig. 1a). Langstone Harbour
(50°48'41"N, 001°01'07"W) is also classified as a SSSI
and has marshes, seagrass meadows, rocky to silt mud-
flats (Fig. 1b). The Ledano Estuary (48°48'02"N, 003°05'
40"W) is composed of clay and silt mudflats with adja-
cent salt marsh environments and is in a transition
water body (FRGT03) identified as a priority in the
Master plan for Water Development and Management
(SDAGE) of the WED (Fig. 1c). Lastly, La Baie des Veys
(49°21'52"N, 001°07'31"W) is the most exposed of the
sites with fine sand to silt sediments and with oyster
cultivation nearby (Fig. 1d). This site is also located
within a coastal zone closely monitored for green algal
mats deposition as part of the WFD.

Seaweed sample collection and analysis for monthly
biomass

To understand the changes in seaweed biomass at all
four sites we monitored biomass monthly for two

a N
w<¢> E
s
®
[
Km0 125 25 5 Km0 2 4 8
L1 1 1 [N | S S S ) Sy S
C Service Layer Credits: Esri, HERE, Garmin, (c) OpenStreetMap contributors, and the
GIS user community
[ J
[
[_J
.. Km0 2:5] 5 10 Km0 5 o 20
[ S O S | S | [ 5 | Sy W )

Fig. 1. Sample locations (black dots) within the four estuaries presented in this study. The four estuaries are located on the
north and south positions in the channel. (a) Holes Bay and Poole Harbour, UK, (b) Langstone Harbour, UK, (c) Ledano

Estuary, France, (d) La Baie des Veys, France.
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years 2021-2022. At each site a 100 m transect was
mapped in ArcGIS, dividing the transect into 10 m x
10 m plots. At the site during low tide, loose and
entrained seaweed biomass samples were collected
inside the plots with a 0.25 m” gridded quadrat and
sampled 10 times each month. Per cent cover was
also measured at each quadrat as mentioned above.
Samples were collected in sealable plastic bags, put in
a cool box on ice and transported to the laboratory.
The biomass was washed to remove sediment and
macrofauna within the samples. Tap water was used
for an initial wash in a plastic bucket to remove most
of the sediment. The biomass was placed in a nylon
mesh bag and rinsed with tap water until the water
stream was clear (1-5 minutes). The biomass was
squeezed until no liquid remained. Biomass was put
into tin trays, weighed to obtain a wet weight, and
dried at 60°C for 4-5 days until the weights were
constant to obtain a dry weight. Weights were multi-
plied to obtain grams of dry weight macroalgae
biomass m™ (g DW m™).

We performed normality and variance tests on all
groups within the 2021-2022 seaweed biomass dataset.
Biomass data was square root transformed due to the
dataset having zero values. The Shapiro-Wilk normality
hypothesis was rejected, and heterogeneity of variance
was not rejected at all sites (Shapiro & Wilk, 1965).
A Kruskal-Wallis ANOVA rank sum test was used to
determine if there was variance between the months at
each of the four sites (Kruskal & Wallis, 1952). Paired
rank sum analysis between sites was performed with
square root transformed monthly mean biomass data
using the Friedman ANOVA (Friedman, 1937). A post-
hoc rank sum Dunn’s test was performed to understand
the significance of variances in both tests (Dunn, 1964).
Statistical tests were performed in the OriginPro version
2024 (Northampton, Massachusetts, USA) platform.

Genetic seaweed sample collection and preparation

At each site nine samples were collected (with selec-
tion based on seaweed tissue condition, i.e. green,
non-degraded without excessive tissue degradation)
seasonally (March, June, September, December 2021)
with a 0.25 m® gridded quadrat to capture per cent
cover of the seaweed. Three samples were collected at
a low per cent cover (0-33%), medium per cent cover
(34-66%), and high per cent cover (67-100%). Each
quadrat was placed on the sediment along with
a sample tag, an image and coordinates were taken
at 1 m height above the quadrat. Using a knife,
a square was cut around the quadrat to avoid collect-
ing seaweed outside of the quadrat. All loose seaweed
was collected inside the quadrat and put into a plastic
bag and sealed. Each sample bag was placed in a cool
box on ice until brought to the laboratory. In the
laboratory samples were stored at 4°C until washing

(no more than 2 days). The seaweed was washed in
a plastic bucket using 4-5 tap water rinses to remove
sediment and infauna. Once washed the seaweed was
squeezed and patted dry with paper towels, split in
half, placed in plastic bags, and put in the -80°C
freezer. Frozen samples were freeze-dried for
a minimum of 48 hours in a Heto Power Dry
PL3000 (Jouan Nordic, Denmark). Once freeze-
dried samples were put into plastic bags with silica
gel bead packets and shipped to Pristine Coasts
(Galway, Ireland) for genetic analysis.

In 2021, we collected individual seaweed speci-
mens at Holes Bay during the genetic seaweed sam-
pling collection periods and at the same location.
These individuals were preserved as pressings onto
acid-free paper with species identification based on
morphological characteristics and loosely on the NGS
and CAPS assay findings in this study. Metadata for
these individual specimen pressings are available in
Supplementary table S3.

DNA extractions

Freeze-dried bulk biomass samples were first ground
into a fine powder using a ball mill (QIAGEN
TissueLyser II). Then, DNA was extracted in quad-
ruplicate (i.e. 4 independent extractions from the
same bulk sample) using either the magnetic beads
protocol described in Fort et al. (2018) or using
a custom CTABSILEX method (Vilanova et al,
2020). The CTABSILEX method allows for DNA
extraction using a higher amount of starting material,
increasing DNA yields. For this protocol, ~15 mg
DW of ground seaweed material was incubated in
800 uL CTAB buffer (2% CTAB, 14 M Na(l,
20 mM EDTA, 100 mM TrisHCL pH 8 & 2%
PVP40) for 30 minutes at 65°C. Then, after adding
60 pl of 10% SDS, the mixture was vortexed and
centrifuged at 11 000 g for 15 minutes at room
temperature. The aqueous phase (~700 ul) was recov-
ered and mixed with 420 pl of binding buffer (2.5 M
NaCl, 20% PEG 8000), 630 pl of 100% ethanol and
20 pl of silica matrix. After 5 minutes of incubation
with gentle shaking, the mixture was centrifuged for
6 seconds to pellet the silica matrix (which contains
the nucleic acids). The pellet was washed twice with
70% ethanol and resuspended in 150 ul of sterile
water and incubated at 65°C for 10 minutes to release
the nucleic acids into the supernatant. Finally, the
supernatant was separated from the silica matrix via
centrifugation for 10 minutes at 11 000 g. After DNA
extractions, the replicates (four per sample) were
pooled into a single tube and concentrated via etha-
nol precipitation. Depending on the quality of the
resulting DNA, species identification was performed
using metagenomics or the CAPS assay described in
Fort et al. (2021).



Metagenomic analysis of bulk seaweed samples for
species identification

DNA samples were sent to the Beijing Genomic Institute
(Hong Kong) or Novogene (Cambridge, UK) for NGS
using DNBSeq or Illumina, respectively. Both techniques
yielded 150 bp paired-end libraries with >5 Gb raw data
per sample. Taxonomic labelling of the NGS reads was
performed using the kraken2/bracken pipeline for meta-
genomic analysis (Wood et al., 2019). A kraken2 database
was used for taxonomic classification, which contained
all published nuclear ITS1, rbcL, tufA and COXI
sequences of algae in the NCBI (55 580 sequences) bar-
code database. For Ulva species, we used type specimen
sequences, where available, to populate the database (the
full list of Ulva sequences in the library is available in
Supplementary table S1). A limitation of this methodol-
ogy is that it requires accurate species annotation in the
databases used. Given the large discrepancies in the appli-
cation of names already observed and described for Ulva
species, we anticipate that similar issues will be present in
other families and genera. The assignment and quantifi-
cation of reads to seaweed species was performed using
kraken2 on the barcode database, using a confidence
threshold of 0.25 and in paired-end mode. After read
classification, bracken (Lu et al, 2017) was used for
estimating the relative proportions of each species in the
samples, with a threshold of >20 reads classified at the
species level to be included in the results.

Bulk sample analysis using CAPS assay

For samples failing quality control for NGS - largely
due to the significant DNA degradation from samples
collected in mudflat/sandflat environments, we used
a PCR-based CAPS assay designed for the identifica-
tion of foliose Ulva species in bulk samples (Fort
et al., 2021). For this, the ITS1 barcode was amplified
via PCR using CAPS_ITSIF (5TCGTTGAACC
CTCCCGTTTA3) and CAPS_ITSIR (5CGATGA
CTCACGGAATTCTGC3) primers, and the PCR
amplicons were subsequently digested with two
enzymes mixtures. Enzyme mix 1 contains the
restriction enzymes Bfal, PspOMI, BamHI, Hpal
and T7 endonuclease, while enzyme mix 2 contains
CviQI, BtsCI and T7. Following digestion, the band
patterns were separated and visualized on a 2% agar-
ose gel. The restriction patterns observed are specific
to the Ulva species present, and the band intensities
allow for an estimation of the approximative relative
proportions of the different species. However, precise
relative proportions between each species within the
bulk sample cannot be ascertained using this method,
and we present the data here in qualitative terms (i.e.
if three species are detected within a sample, each is
given a 33.3% proportion in that sample).
Importantly, we do not expect that all Ulva species
can be identified using the enzymatic cocktail
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described above, and further work will be needed to
test more species than are currently included in the
assay.

Results
Seaweed biomass

Free-floating or loose seaweed dry weight biomass and
per cent cover sampled monthly in 2021 and 2022 dis-
played differences between and within sites. Holes Bay
had significantly higher dry weight biomass than the
other three sites (p < 0.001), whereas the comparisons
between Langstone, Ledano Estuary and La Baie des Veys
sites had no differences in biomass during the sampling
period. However, per cent cover comparisons between
sites showed that Holes Bay was significantly higher than
the other three sites (p < 0.01; Supplementary table S4),
and Langstone Harbour had higher seaweed per cent
cover than Ledano Estuary and La Baie des Veys
(p < 0.02). Within each site loose seaweed biomass
showed differences between the time samples were col-
lected, showing a seasonality pattern at some sites
(Fig. 2a-d). At Holes Bay, monthly biomass was on
average 201 g DW m™ with high standard error within
months (Fig. 2a). There were no significant differences
during the summer months of 2021 and 2022 with
February 2021 variance differing from the 2021 summer
months (p < 0.01) and March and December 2022 var-
iance differing from the 2022 summer months (p < 0.04).
The biomass peaked in August 2021 and again in
February (Fig. 2a). Per cent cover was at or near 100%
most of the year. Seaweed biomass was absent in
Langstone Harbour during the winter months and
peaked at 80.54 g DW m™ in August 2021 and 54.32 g
DW m? in October 2022. Upon analysis of peak months,
we found they were not significantly different nor were
there significant differences between months. Mean bio-
mass was ~12 g DW m™ (Fig. 2b). Per cent cover simi-
larly followed a seasonal pattern with a peak in July and
August 2021 and July, September and October 2022.
Similarly, the Ledano Estuary followed a seasonal bio-
mass pattern, abundance peaking from Aug-Oct 2021
with a peak in August at 211 g DW m™ and 140 in
September 2022 then declining in winter (Fig. 2c). The
summer months varied significantly from the winter and
part of the spring months (p < 0.01). The biomass and
per cent cover displayed seasonal patterns with high
biomass and per cent cover in the summer months.
Biomass at La Baie de Veys did not follow seasonal
patterns as the other sites in 2021 and 2022 with biomass
reaching an average of 359 ¢ DW m™ in January 2021
(Fig. 2d). However, the per cent cover was lower than the
other sites. In 2022 biomass peaked at 57 g DW m > but
was not significantly different than the other collection
points through the year.
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2021-2022 field seasons. Error bars are standard error.

Entrained seaweed biomass was not present at all sites.
No entrained seaweed was found at Langstone Harbour
and La Baie de Veys at any time during the year. In
contrast, entrained seaweed was found at Ledano
Estuary and Holes Bay, with a significantly higher
entrained dry weight biomass at Ledano Estuary than at
Holes Bay (p < 0.001). Ledano Estuary entrained seaweed
biomass followed a seasonal pattern similar to the loose
seaweed at this site with entrained biomass at the peak in
August 2021 at 144 g DW m > and higher in June 2022 at
274 g DW m™ (Fig. 3b). Summer/autumn months were
significantly different than the winter months (p < 0.01).
Holes Bay had entrained seaweed at various times during
the year, with no seasonal pattern (Fig. 3a). At Holes Bay,
entrained per cent cover was below 30% on average
all year except in May 2021 where entrained biomass
and per cent cover peaked.

Seaweed identification

During the seasonal sampling period of 2021, we
detected the presence of seaweed at all sites using

during the

NGS and CAPS assay bulk sampling methods
(Fig. 4; Supplementary figs S1-S3; Supplementary
table S2). In Holes Bay we identified Ulva lacinulata
(Kitzing) Wittrock as the dominant blade-like or
foliose green seaweed species. A small per cent of
tubular species belonging to the Ulva linza/proceral
prolifera clade called the ‘Ulva sp. LPP clade’ was
detected in June using both NGS and CAPS
(Shimada et al., 2008), as well as a small proportion
of Ulva compressa Linnaeus (~3.5%). There were no
differences in dominant species between months and
per cent cover (Fig. 4a). This dominance of one Ulva
species at Holes Bay was in clear contrast to the
diversity of common green and brown mat species
at Langstone Harbour, where the seaweeds cycled
through a dominance of Chaetomorpha sp. in
March to Ulva spp. in June to Cladophora sp. in
September to a mixture of these species in
December (Fig. 4b) with Pylaiella littoralis
(Linnaeus) Kjellman, a commonly occurring brown
seaweed, becoming dominant in December (Pye,
2000). At the Ledano Estuary there was significant
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DNA degradation in the samples analysed. Only the
CAPS assay was successful in September and genetic
library limitations allowed us to only detect foliose
Ulva species during this month, Ulva lacinulata and
Ulva ‘uncialis (Kiitzing) Montagne (formerly and
incorrectly called U. rigida C.Agardh), Bachoo et al.
(2023). Both laminar Ulva species (Fig. 4c) were pre-
sent, however this finding does not exclude the pre-
sence of tubular green seaweed that is not detected by
the CAPS assay. The CAPS assay results from La Baie
des Veys indicated a mixture of laminar U. australis
Areschoug, U. fenestrata Postels & Ruprecht,
U. pseudocurvata Koeman & C.Hoek (Maggs et al.,
2024), U. lacinulata and U. sp. LPP clade (Fig. 4d).
These results do not exclude the presence of tubular
Ulva species.

Discussion

Our four study sites, and the Channel region in gen-
eral, have had elevated seaweed mat abundances
above ecosystem consequence thresholds for decades
(Pye, 2000; Smetacek & Zingone, 2013; Witt, 2022;
Louis et al, 2023) with Ulva the principal taxon
involved. Globally, Ulva is most frequently responsi-
ble for the formation of nuisance macroalgal mats
(Joniver et al., 2021). Eutrophication, the ultimate
cause of high seaweed mat abundance, occurs from
point and non-point nutrient sources both of which
have become the focus of local nutrient budgeting
studies and increased management efforts in recent
years. In Poole Harbour, for example, which tidally
exchanges with our Holes Bay site, most macronutri-
ents enter via riverine inputs (Witt, 2022) whilst
Holes Bay itself receives substantial amounts of trea-
ted wastewater. The harmful ecological thresholds of
seaweed mat accumulation are debated (Thornton
et al., 2020; Witt, 2022) and are clearly taxa specific.
Frequently there is a focus on infauna effects, e.g.
Green et al. (2014) performed an experimental
study and review of Ulva mat effects and found
110-120 g DW m™> of mat had an ecological impact
on the infauna as well as wider ecosystem conse-
quences at around 200 g DW m ™. Impacts are clearly
local, variable, and can rapidly change depending on
the morphology and movement of the mat biomass
around the mudflat or estuary. Many other chemical,
physical and biological factors are used to predict
ecosystem decline and decreased water quality status
(Water Framework Directive, 2000; Perrot et al.,
2014). The adaptation of the Ecological Evaluation
Index (EEI-c) for estimation of habitat ecological
status for transitional waters aims to incorporate
these other predicting factors (Orfanidis et al,
2011). A seaweed community monitoring index
based on the EEI-c to monitor coastal habitats that
are influenced by anthropogenic and climate changes

(Han et al., 2023) has recently been designed in Asia.
In Holes Bay, the seaweed mat measured over the
two-year monitoring period was persistent over
the year and was seen as healthy viable tissue over
all seasons. The Holes Bay mat was above the 200 g
DW m™? ecosystems consequences threshold for 8 of
the 23 months assessed, and mat accumulation at this
site was clearly much higher than at our other three
monitoring sites where exceedances of the WEFD
threshold were rare. Holes Bay had very favourable
conditions for mat accumulation, and the ecological
impacts of the mat accumulations were therefore
more pronounced at this site (Witt, 2022) relative to
the other monitoring sites.

In addition to measuring surface accumulations of
mat tissue, European monitoring efforts tend to mea-
sure seaweed entrainment as part of monthly seaweed
surveys to determine ecosystem status (Water
Framework Directive, 2000; Witt, 2022). The extent
of mat entrainment will have a relationship with
overlying mat biomass (this study; Witt, 2022) and
sediment type/tidal regime. Entrainment is thought
to be an important overwintering mechanism in cer-
tain species (e.g. Gonzalez et al., 2013; Robertson &
Savage, 2018) and therefore, seaweed species detec-
tion within the mat is important for making sense of
entrainment dynamics. In our study, entrained sea-
weed (buried > 3 cm into the sediment) was found at
two sites, Holes Bay, and the Ledano Estuary, asso-
ciated with a silt and clay sediment type and high
seaweed mat biomass which we identified to be domi-
nated by Ulva lacinulata. In contrast, our La Baie des
Veys site was sandy and therefore ecologically distinct
from our other three (mudflat) sites. Biomass accu-
mulation at La Baie des Veys occurs by true beaching
after growth on adjacent rocky shores. Any overwin-
tering is dependent on growth on the adjacent rocky
shore as the possibilities for entrainment in the sandy
sediment (Merceron et al., 2007; Louis et al., 2023)
are limited. Our study further confirms the close
relationship between mat accumulation and sediment
entrainment in certain sediment conditions that
likely contribute to overwintering potential and per-
sistence at some channel sites.

Assessing seaweed mat biomass is not only impor-
tant for understanding impacts on ecosystem status
but also as a predictive measure for potential nutrient
removal, especially nitrogen. Morrall et al. (2025)
quantified the per cent nitrogen in the mat tissue
we examined and concluded that seasonal nitrogen
content in the seaweed tissue depended on several
factors including water and sediment nutrient con-
centrations and inputs, and the species composition
of the mat. Across our study sites, there was high
variability in species composition between sites with
Holes Bay dominated by a foliose Ulva whilst
Langstone Harbour had multiple genera with



a typically filamentous or tubular morphology. The
Ledano Estuary and La Baie des Veys showed con-
specifics of the same genera, with only foliose Ulva
species throughout the year. However, our diversity
assessments on the French side of the Channel were
limited to detection of foliose Ulva species using the
CAPS assay (see methods). At the Ledano Estuary
seaweed biomass is mostly tubular during the year
and makes up most of the biomass (personal obser-
vations, CEVA). The high-density monospecific
foliose mat in Holes Bay (Ulva lacinulata) is asso-
ciated with a combination of a low tidal energy
regime and high nutrient inputs, whereas Langstone
Harbour’s lower nutrient inputs (though both sys-
tems have had eutrophic water designations) and
higher tidal energy regime likely contribute to an
increased seaweed mat diversity with no clear overall
dominance. The conditions in Holes Bay, and the
extended period (>3 decades from this project’s
observations) for which these conditions have
occurred, could have amplified the potential for selec-
tion of a mat-specialized Ulva strain as has recently
been demonstrated (Fort et al., 2020) and therefore
how specialization to high nutrient conditions can
become reinforced.

Past studies at or near our four sites have
investigated green seaweed diversity. In Holes
Bay, Thornton (2016) reported the dominance of
Ulva rigida based on morphological identification,
which has been reported recently to be genetically
close to U. lacinulata, and has now been assigned
to the same species (Hughey et al., 2021) or as
a close relative species named U. sp. A (Fort et al.,
2022), now referred to as Ulva ‘uncialis. In
Langstone Harbour, the Ulva diversity reported
in this study as U. ‘clathrata’ (Roth) C.Agardh
and U. lacinulata is similar to the dominance of
Ulva species shown in past studies, for example
Pye (2000) showed tubular Ulva (formerly
Enteromorpha) dominance across a north/south
gradient in Langstone Harbour in 1994-1996.
Also, Tan et al. (1999) performed a molecular
identification study of Ulva in the harbour and
found U. scandinavica Bliding which is synon-
ymous with U. lacinulata (Hughey et al., 2021).
Tan et al. (1999) also identified U. armoricana
Dion, de Reviers & Coat, U. rotundata Bliding,
and U. rigida in Brittany, France. also synonyms
of Ulva lacinulata (Hughey et al., 2021). The areas
surrounding La Baie des Veys has limited Ulva
identification studies and therefore we are unable
to compare our U. australis, U. fenestrata,
U. pseudocurvata U. sp. LPP clade, U. lacinulata
identification results with historical data from the
same location. These recent Ulva species confirma-
tions using DNA sequences highlight the impor-
tance of using bulk collection and NGS methods.
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Confirmation of seaweed mat species at these four
sites allows us to better understand potential specific
growth rates, further develop macroalgal growth
model predictions and predict the quantity of nitro-
gen removal possible with seaweed removal methods.
Perrot et al. (2014) developed a coupled hydrody-
namic and biological model for Brittany, France that
incorporated many physiological parameters of Ulva,
including maximal growth rates, optimal temperature
and nutrient uptake rates in addition to the hydro-
dynamic parameters. They predicted that if river
nitrates were reduced to 5 mg N I'! in mudflat envir-
onments, and to 15 mg N 1" in sandy environments
then Ulva mat biomass would be reduced by half.
This model can be further refined and tailored to
other estuaries based on seaweed species composi-
tion. Seaweed identification and physiological labora-
tory experiments are essential to developing a marine
water body management plan because each seaweed
species has different physiological requirements for
growth (Hurd et al, 2014; Bermejo et al, 2023).
Aldridge and Trimmer (2009) described and imple-
mented a model for tubular and foliose Ulva spp.
which incorporated seaweed tissue stressors such as
tidal regimes (height range/durations) and therefore
included the time Ulva tissue was potentially desic-
cated. Nutrient exchange through diffusion/absorp-
tion of nitrate and ammonium, the two forms of
dissolved inorganic nitrogen that influence growth,
exchange through the seaweed’s cell membrane when
the mat is submerged, and so the time spent sub-
merged is clearly a key driver of growth potential.
Tidal regimes at the four sites are likely significant in
explaining variations in mat accumulation. Holes Bay
has a small tidal range (0.4-1.5 m) and a double high-
water pattern whereas the other three sites have
higher tidal ranges (~5.0-8.0 m) with a typical tidal
curve. Foliose Ulva morphology corresponds to
higher growth rates, superior nutrient acquisition
and greater mat-forming potential (Bermejo et al.,
2023). Higher surface area to volume ratios contri-
bute to fronds being better able to exploit nutrient-
rich conditions compared with tubular types;
Bermejo et al. (2023) found U. lacinulata had greater
uptake and growth rates compared with that of
U. compressa in the tubular morphology. Ulva laci-
nulata also responded with a high growth rate to
increase in temperature while U. compressa did not.
Therefore, our study adds further evidence of the
greater capacity of U. lacinulata to dominate under
eutrophic estuarine conditions.

Our work confirms the high mat-forming poten-
tial of Ulva lacinulata across the Channel region and
illustrates how bulk genetic sampling methods can be
used to gain a rapid overview of regional seaweed
diversity. Accurate and extended identification of mat
species, and their population dynamics, is beneficial
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for the various mat exploitation strategies (human
diet, livestock feed, biofuel, agricultural fertilizer,
anaerobic digestion) currently being explored
(Joniver et al., 2021; Morris et al., 2022) and which
will contribute to improvements in coastal marine
management regimes.
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