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Summary

The following report describes the methods to develop Habitat Suitability Models for the
presence of potentially suitable habitat for subtidal Zostera marina beds and Modiolus
modiolus reefs in UK waters using a collection of environmental variables known to influence
the extent and distribution of each habitat, and presence and pseudo-absence records of
habitat to test and validate the models. The modelling approach can be considered useful as
an evidence product to help inform policy, for example the UK Marine Strategy. The report
details the methods, outputs and limitations of the models.
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1. Background

Benthic habitats are vital for the health of marine ecosystems, and when productive,
sufficiently extensive and ecologically coherent, can provide essential ecological processes.
Modiolus modiolus (commonly known as horse mussel) reefs, and Zostera marina
(commonly known as eelgrass) beds, are two benthic biogenic habitats that provide
essential ecosystem services, representing nursery grounds, refuges, and food sources for a
wide variety of species (Heck et al. 1997; Zieman & Wetzel 1990; Duarte & Chiscano 1999;
Sanderson et al. 2008; McDevitt-Irwin et al. 2016; Nordland et al. 2016; Kent et al. 2016,
2017).

Modiolus modiolus are a north Atlantic species of bivalve molluscs found subtidally around
the British Isles that can aggregate into extensive reefs where conditions are suitable, for
example off the north and northwest coasts (Tyler-Walters 2007). Modiolus modiolus reefs
are created by the dense accumulation of individuals found on a range of substrata ranging
from cobbles to sand (OSPAR 2008).

Zostera marina, which is a type of seagrass, is a marine angiosperm found in sublittoral and
infralittoral zones. Zostera marina is distributed patchily throughout the UK, primarily off the
coasts of south and south-west England, Wales, Orkney, the Shetland Islands, and Scotland
(d’Avack et al. 2022). Zostera marina forms dense “beds” defined as where plant densities
account for at least 5% cover of the seabed, though usually more than 30% cover (OSPAR
2009).

Modiolus modiolus reefs and Zostera marina beds are fragile and sensitive to a range of
permanent and transient anthropogenic activities (Magorrian & Service 1998; Tyler-Walters
2007; Cook et al. 2013; Jones & Unsworth 2016; Elliott et al. 2017; d’Avack et al. 2022),
including trawling (Holt et al.1998; De la Torriente et al. 2022), aggregate extraction and
aquaculture (Holt et al. 1998). The direct impacts of anthropogenic activities represent the
biggest threat to Modiolus modiolus reefs (OSPAR 2008) and Zostera marina beds (Elliott et
al. 2017). These habitats are particularly sensitive to activities that cause physical change of
habitat, suspension of sediments, smothering, and abrasion (d’Avack et al. 2022; Tyler-
Walters 2007). Persistent damage can potentially cause irreversible habitat loss if the
substrate, morphology or topography is permanently altered, thus causing physical loss of
habitat. Physical loss of habitat frequently leads to habitat fragmentation. For Modiolus
modiolus and Zostera marina, this can severely impact larval and seedling dispersal, and the
presence of sources and sinks with consequences on successful recruitment, and the ability
of a population to persist (Kendrick et al. 2016; Mackenzie et al. 2022).

Data on location and extent of biogenic habitats are limited and the full-scale and frequent
mapping of habitats across the UK for regional scale assessments required by policy drivers
such as the UK Marine Strategy is not feasible. Therefore, there is a paucity of data on the
extent and distribution of horse mussel reefs and eelgrass beds. Habitat suitability models
(HSMs) are widely used in place of in-situ habitat data as a proxy for habitat distribution
(Gormley et al. 2013; Strong et al. 2018). If a habitat is lost or its distribution changes, this
has consequences on associated natural capital and ecosystem services.

The environmental variables that influence presence and extent of Modiolus modiolus reefs
and Zostera marina beds have been well studied (Tyler-Walters 2007; Gormley et al. 2013;
d’Avack et al. 2022; Bertelli et al. 2022), and Castle et al. (2022) produced HSMs to predict
the distribution of these habitats. However, as new methods and data become available,
updated models that incorporate more recent biological and environmental data are required
to more accurately predict extent and distribution and to assist in the management of these
habitats.
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1.1. Aims and objectives

This report provides updated HSMs for Modiolus modiolus reefs and Zostera marina beds in
subtidal UK waters, hereafter referred to as Modiolus modiolus HSM and Zostera marina
HSM. By refining the previous HSMs produced by Castle et al. (2022) and using the most
recent datasets for biological presence and pseudo-absence data, the models presented
herein can be used to estimate the extent and location of these important habitats, protected
under international and national legislation and conventions.
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2. Data Preparation

2.1. Environmental predictor variables

Habitat-specific environmental variables that influence the growth and survival of Modiolus
modiolus reefs and Zostera marina beds were used to predict the extent and location of
suitable habitat. These predictor variables were selected based on the literature review
performed by Castle et al. (2022) (Table 1). Environmental data were sourced as raster
layers in tagged image file format (tif) from respective databases and clipped to the UK
Exclusive Economic Zone (EEZ) using the “extract raster by mask” tool in ArcGIS v10.1
(ESRI 2012). Each environmental layer raster was projected to Lambert azimuthal equal-
area (LAEA) European Terrestrial Reference System (ETRS)-extended 1989 European
Petroleum Survey Group (EPSG): 3035 and resampled to a common raster grid with a
resolution of 300 m prior to input into the model.

All environmental layers except for the “depth to seabed” and “slope” layers were input
directly into the model. The “depth to seabed” layer was created by sourcing the higher
resolution Department for Environment, Food and Rural Affairs (Defra) Digital Elevation
Model (DEM; Defra, 2020) which was supplemented with the European Marine Observation
and Data network (EMODnet) Digital Bathymetry Digital Terrain Model (DTM) (2022) where
the former was not available. The two raster layers were merged using the tool “Mosaic to
New Raster (Data Management)” in ArcGIS v10.1 (ESRI 2012). The resultant raster was
resampled to a resolution of 300 m by 300 m using the “Resample” tool in ArcGIS v10.1. The
“slope” layer was derived directly from the “depth to seabed” layer created above using the
Terrain Attribute Selection for Spatial Ecology (TASSE) v1.1 toolbox (Lecours et al. 2017) in
ArcGIS, using the Horn (1981) method.

Following the methodology in Castle et al. (2022), bathymetry layers were restricted to
specific depths for each habitat. Based on the occurrence of Zostera marina beds within the
presence dataset, depth in the HSM was restricted to 0 — 15 m (d’Avack, et al. 2022). For
the Modiolus modiolus HSM, depth was restricted to 0 — 248 m, based on the occurrence of
reefs and the deepest sample observed within the available presence dataset. Following
Castle et al. (2022), the model was also restricted to remove the Severn Estuary, which is an
area of high sediment loading, meaning that Modiolus reefs are unlikely to occur due to their
sensitivity to smothering.

The HSMs were used to predict the probability of suitable habitat only for those 300 m? grid
cells where environmental values were available from each environmental predictor variable
layer. In the absence of one or more layers, a prediction on the probability of suitable habitat
was not made. Whilst the coverage of both models was limited by data paucity to some
extent, the Zostera marina HSM extent was further limited to 5 km from the coastline to
match the wave fetch layer (Burrows 2020). The Burrows (2020) wave fetch layer was
introduced to reduce the probability of predicted suitable habitat for Zostera marina beds in
high energy environments. Thus, preventing shallow offshore areas unsuitable for Zostera
marina (such as Dogger Bank) being represented in the model at low probability, which
would inflate the area of predicted suitable habitat.

The sources of environmental predictor variables used in both models are shown in Table 1.



Table 1: List of predictor variables used for modelling. The most recent available data were used where possible.
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using the Terrain Attribute
Selection for Spatial
Ecology (TASSE) toolbox in
ArcGIS as recommended in
Lecours et al. (2017).
Calculated by using the
Horn (1981) method.

. - . . Modiolus | Zostera
Pre_d [8er Source Units OrlglnaI_SpatlaI Release Date LEiE Sl EieT modiolus | marina
variable Resolution Year

HSM HSM

Depth to Defra’s Marine Digital Metres (m) | Defra Marine Defra Marine Defra Marine DEM: | Yes Yes
seabed Elevation Model (DEM’ DEM: 1 arc DEM: 2020 1851-2020

Defra 2020), supplemented second EMODnet Digital | EMODnet

with EMODnet Digital EMODnet Bathymetry Bathymetry: 1815—

Bathymetry DTM (2022) Digital DTM: 2022 2022

where the former was not Bathymetry

available. DTM: 1/16 arc

minute

Slope of the | Derived from the “Depth to | Degrees (°) | Same as “Depth | Same as “Depth | Same as “Depthto | Yes No
seabed the seabed” layer (above), to seabed” layer | to seabed” layer | seabed” layer
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. - . . Modiolus | Zostera
Pre_d (Sl Source Units OrlglnaI_SpatlaI Release Date Data Collection modiolus | marina
variable Resolution Year

HSM HSM

Kinetic EMODnet Seabed Habitats | Newtons North Sea and 2023 2000-2005 Yes Yes
energy at the | (mean of annual 90" per Square | Celtic Seas
seabed due | percentile values over six Metre inshore (< 6 km
to waves years). EMODnet (2019). (N/m?) from the coast)

100 to 300 m.

North Sea and

Celtic Seas

inshore (> 6 km

from the coast)

12.5 km.
Kinetic EMODnet Seabed Habitats | Newtons 300 m at the 2018 2000-2005 Yes Yes
energy at the | (mean of annual 90th per Square | coast and
seabed due | percentile values over six Metre combination of
to currents years). EMODnet (2015). (N/m?) 1.8 km in the

North and Celtic
Sea and 10 km
in the North
East Atlantic



https://emodnet.ec.europa.eu/geoviewer/
https://emodnet.ec.europa.eu/geoviewer/
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. - . . Modiolus | Zostera
Pre.d (Gl Source Units OrlglnaI.SpatlaI Release Date Data Collection modiolus | marina
variable Resolution Year

HSM HSM
Seabed EMODnet Seabed Habitats | 1 Mud/ N/A - vector 2023 1991-2023 Yes Yes
substrate Biogenic substrate in sandy mud,
(categorical) | Europe, used in EUSeaMap | 2 sgnd/
(2023). muddy

sand,

3 Mixed

sediment,

4 Coarse

sediment,

5 Rock,

6 Biogenic

substrate
Mean of Bio-ORACLE Minimum Degrees 0.08° 2017 2000-2014 No Yes
annual temperature derived from Celsius (°C)
minima the mean depth of benthic
temperature | layers. Assis et al. (2017).
at the
seabed
Maximum Bio-ORACLE Maximum Degrees 0.08 2017 2000-2014 Yes No
temperature | temperature derived from Celsius (°C)
at the the mean depth of benthic
seabed layers. Assis et al. (2017).
Minimum Bio-ORACLE Minimum Practical 0.08 2017 2000-2014 Yes Yes
salinity salinity derived from the Salinity Unit

mean depth of benthic (PSU)

layers. Assis et al. (2017).



https://emodnet.ec.europa.eu/geoviewer/
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. . . . . Modiolus | Zostera
Pre.d ictor Source Units OrlglnaI.SpatlaI Release Date Data Collection modiolus | marina
variable Resolution Year

HSM HSM
Wave fetch | Wave fetch GIS layers for Logiocells | 200 m 2020 Modelled No Yes

the UK and Ireland at 200 m
scale (Burrows 2020)
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To reduce overfitting of the HSMs, the correlation between the different environmental
predictor variables was plotted; in the event of high correlation between layers, where the
correlation was greater than 0.8, one of the correlated layers would be removed (Warton
2022). The initial run of the Zostera marina model contained photosynthetic active radiation
(PAR) at the seabed as a predictor variable (PAR at the seabed, EMODnet 2018), however
this was found to be highly correlated with “depth to seabed”. The high positive correlation
was explained by the fact that PAR at the seabed was derived from light at the surface and
adjusted for depth using EMODnet Digital Bathymetry DTM (EMODnet 2022), one of the
layers used to create the “depth to seabed” layer. Therefore, PAR at the seabed was
removed and depth retained in the model for the following reasons:

e The resolution of the bathymetry layer was higher, allowing the resulting model to
better fit the coastline.

¢ PAR has high intra-annual variability, being affected by storms, run-off, algal blooms
among others, whereas depth is consistent.

2.1.1. Model extent

All layers used as environmental predictor variables for each habitat were processed so that
the extent and resolution matched. All environmental layers were cropped and resampled to
the “depth to seabed layer” using the "raster” package (Hijmans 2023). Environmental layers
were then combined into a raster stack for processing.

2.2. Habitat occurrence response variables

To improve the accuracy of habitat prediction in HSMs, habitat presence data can be
supplemented with absence data. Due to the paucity of true absence information from
survey data, samples indicating the presence of habitats not known to co-exist with the
habitat modelled (Table 2) were used as a proxy for the absence of the respective habitats,
hereafter termed pseudo-absence data (a common practice in HSMs; Chefaoui et al. 2016;
Castle et al. 2022; Charbonnel et al. 2023). The combinations of presence and pseudo-
absence data are referred to as response variables.

The following parameters were taken into consideration prior to running the model:

e Presence / pseudo-absence data were not restricted by date — since temporal
variability is inherent in all biological datasets, this maximised the data available from
these under sampled habitats to train and test the HSM.

¢ Only habitat records were used for presence / pseudo-absence data - species data
were excluded from the model; this provided the best estimate of the distribution and
extent of habitats.

¢ Point rather than polygon data were used to denote occurrence type - to ensure the
highest accuracy of environmental conditions required to support the prediction of
suitable habitat. The model only accepts biological response variables in point format,
polygon data would therefore have to be converted into point data at a specific density
per polygon, potentially introducing bias into the model, and affecting the weighting of
presence against pseudo-absence. Additionally, effective duplicate removal of the data
would be unfeasible.

¢ Only subtidal habitat records were used - Zostera marina beds occur in both intertidal
and subtidal regions, but only subtidal habitats were considered.

e Taxonomic status — Zostera angustifolia records were considered as taxonomic
synonyms of Zostera marina (d'Avack 2022; Guiry & Guiry 2023).



2.21.

Sources of habitat occurrence data
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The following datasets were chosen as sources of presence and pseudo-absence data:
OSPAR threatened and/or declining habitats database (OSPAR 2022), Natural England
Marine Evidence Base (Natural England 2021), Small Isles Marine Protected Area (MPA)
survey (Greathead et al. 2023), Annex | Reef database (Duncan et al. 2022) and the Marine
Recorder database (JNCC 2022). For each database, a specific selection method was used
to obtain high confidence occurrence (see Table 2 for further details).

To avoid pseudo-replication, and introducing bias into the weighting of the model, duplicate
data points were removed from all datasets for both presence and pseudo-absence data.

Table 2: Summary of datasets and selection criteria used for the presence and pseudo-
absence response variables. Please see footnotes for explanation of habitats and codes.
FOCI = Features of Conservation Importance, HOCI = Habitat of Conservation Importance
(NE & JNCC 2010).

Habitat

Source

Habitats indicating
presence

Habitats indicating
pseudo-absence

Zostera
marina
beds

Annex | Reefs
Database 2022

N/A

All Annex | Reef habitats.

Marine Recorder
August 2022

EUNIS 2007 habitat
code: A5.5331"

All EUNIS 2007 habitat
codes excluding:

A5.533 2
A5.5331 "

OSPAR Threatened
and/or declining
habitats database
2022

OSPAR T&D habitat:

Zostera marina beds

All OSPAR T&D habitat
types excluding:

Carbonate mounds
Intertidal mudflats

Intertidal Mytilus edulis
beds on mixed and
sandy sediments

Littoral chalk
communities, Maerl beds

Seamounts
Zostera beds

Modiolus
modiolus
reefs

Natural England
Evidence Base 2021

FOCI name: Horse
mussel (Modiolus
modiolus) beds

All FOCI codes excluding
HOCI 93

AND

All FOCI names

excluding those
containing “modiolus”

AND

All Marine Habitat
Classification for Britain
and Ireland habitats and
excluding:

LR 4

LS?®
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Modiolus
modiolus
reefs

EUNIS 2007 habitat
codes:

All EUNIS 2007 habitat
codes excluding

Marine Recorder A5.621° A5.621°
August 2022 A5.622 7 A5.6227
A5.623 8 A5.6238
A5.624 ° A5.624 °
Community code All community code
abbreviations: abbreviations excluding:
Small Isles MPA MXMS 10 MXMS 1
survey MXM ™ MXM "1
MXMA 12 MXMA 2
MXMP 3 MXMP 13

OSPAR Threatened
and/or declining
habitats database
2022

OSPAR T&D habitat:

Modiolus modiolus
horse mussel bed

All OSPAR T&D habitat
types excluding:

Carbonate mounds
Intertidal mudflats

Intertidal Mytilus edulis
beds on mixed and
sandy sediments

Littoral chalk
communities

Seamounts

Modiolus modiolus horse
mussel beds

Ostrea edulis beds

Oceanic ridges with
hydrothermal vents/fields

1 - A5.5331 = Zostera marinal angustifolia beds on lower shore or infralittoral clean or muddy sand.
2 - A5.33 = Zostera beds in full salinity infralittoral sediments.
3 — HOCI 9 = Horse mussel (Modiolus modiolus) reefs.

4 — LR = Littoral rock (and other hard substrata).

5 — LS = Littoral sediment.
6 - A5.621 = Modiolus modiolus beds with hydroids and red seaweeds on tide-swept circalittoral

mixed substrata.

7 - A5.622 = Modiolus modiolus beds on open coast circalittoral mixed sediment.
8 - A5.623 = Modiolus modiolus beds with fine hydroids and large solitary ascidians on very sheltered
circalittoral mixed substrata.

9 - A5.624 = Modiolus modiolus beds with Chlamys varia, sponges, hydroids and bryozoans on
slightly tide-swept very sheltered circalittoral mixed substrata.

10 — MXMS = Mixed sediment and cobbles, occasional boulders with few burrows and Faunal Turf
with Arachnanthus sarsi and Modiolus modiolus.

11 — MXM = Mixed sediment and cobbles, occasional boulders with few burrows and Faunal Turf and
Modiolus modiolus.

12 — MXMA = Mixed sediment and cobbles, occasional boulders with few burrows and Faunal Turf

with Modiolus modiolus and Atrina fragilis.

13 — MXMP = Mixed sediment and cobbles, occasional boulders with few burrows and Faunal Turf
and Modiolus modiolus with Pachycerianthus multiplicatus.

10
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Prior to producing the HSMs, all presence and pseudo-absence data were intersected with
the extent of the respective models to expedite processing efforts, which subsequently
reduced numbers of available habitat records.

2.3. Reducing spatial autocorrelation

To maximise efficiency of data collection, sampling is often conducted in relatively small
areas, such as MPAs, or as part of environmental assessments for industrial purposes in a
specified location. As such, samples of both presence and pseudo-absence observations
were frequently found to be clustered together within raster grid cells.

To reduce the effect of the clustered data points, both observation types were reduced to a
single random observation of presence or pseudo-absence per grid cell (by assigning unique
cell IDs to samples) using the programming language R (R Core Team 2019) in R Studio
(RStudio Team 2022) and the “raster” package (Hijmans 2023). The reduction in observation
data ensures a greater degree of independence between observations, reducing the effects
of spatial autocorrelation, and improving the accuracy of the model by not over-predicting the
probability of habitat presence or absence. The selection of occurrence was determined by
which observation type had the greater number of records per grid cell. However, as the
number of records of pseudo-absence were greater than the number of presence records,
pseudo-absence records were weighted to balance the selection of points between the two
observation types. Weighted pseudo-absence was calculated using the following equation:

Equation 1: The calculation of weighted pseudo-absences per grid cell.

P
Weighted pseudo-absences = <%> A,

Where the ratio between the total number of presence observations (P) and the total number
of pseudo-absence observations (A) is multiplied by the number of pseudo-absence
observations within the raster cell (An).

One point was randomly selected from the observation type with the highest value (i.e.
number of presence records or value of weighted absence). In the event of a cell with equal
values of presence to weighted absence, the observation type was marked as present. The
number of records used as biological response data for the HSMs is shown in Table 3.

Table 3: Number of observations used to produce the HSM, per input dataset for the
response variables, and after the selection process used to reduce the effect of spatial
clustering. The date range of the biological response records used in the HSM are also
shown.

Model Response | Date Range | Number of | Number of data points
initial data | used to produce HSM
points after selection process

Zostera marina Presence 1976 — 2023 | 4,730 886

Zosteramarina | L98Y90 | 4962 _2023 | 157200 | 29,618

Absence

Modiolus Presence | 1966 — 2021 | 1,471 473

modiolus

Modiolus Pseudo- 1962 — 2023 | 175,818 29,440

modiolus Absence

11
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2.4. Training and test data

In model development, response data are used to both train and test the model. For each
run of the HSMs, a random selection of 75% of the response data were used to train the
model, and the remaining 25% used to test the model.

12
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3. Modelling
3.1. Random Forest Modelling Approach

The JNCC Species Distribution Modelling (SDM) Framework (an open-source R package;
JNCC (2023): https://github.com/jncc/sdms) was used to produce HSMs for Modiolus
modiolus reefs and Zostera marina beds. As an ensemble modelling approach, the JNCC
SDM Framework includes Boosted Regression Tree, Support Vector Machine, General
Additive Model, General Linear Model, Maximum Entropy, and Random Forest (RF)
algorithms. However, only the RF algorithm was used in the production of HSMs based on
expert opinion from the package authors and previous pilot studies (Castle et al. 2022) that
identified it as the best performing model. A bootstrap aggregation approach was used,
which takes the average probability of occurrence of habitat from a user-defined number of
model runs, as the output. For this assessment, the number of iterations (runs) of each HSM
was set to 50 to avoid model overfitting, ensure model stability and accuracy, whilst reducing
uncertainty, 50 runs were also recommended by the package authors.

The output of the RF algorithm creates a prediction across the extent of the raster stack of
environmental predictor variables. As a result, probability is calculated regardless of whether
the habitats assessed are present in-situ or not. Although the probability of suitable habitat
may be high, it does not necessarily represent realised (occupied) habitat. Additionally, the
model is limited to the specific environmental variables that are used as predictor variables
to describe the occurrence of each habitat. Other biological and environmental factors which
might limit extent, such as disease, competition, storm events, and anthropogenic activities
are not accounted for when predicting habitat suitability.

The receiver operating characteristic (ROC) curve shows the performance of the model,
plotting the false positive rate against the true positive rate. The area under the plotted ROC
curve (AUC) is used to evaluate model performance (from 0 to 1). An AUC score of 0
indicates that the model has performed poorly (100% of predictions are wrong), an AUC
score of 1 indicates that the model has performed extremely well (Hanley & McNeil 1982).
The AUC scores for all 50 runs of the Modiolus modiolus HSM were between 0.914 and
0.972, with a mean of 0.949, denoting that the model performed well. For the Zostera marina
HSM the AUC scores were between 0.877 and 0.961, with a mean of 0.924, similarly
denoting good model performance.

3.2. Environmental variable importance

Alongside the HSM, the JNCC SDM framework outputs environmental variables used to
predict habitat distribution ranked in order of importance, based on the mean increase in
node purity (IncNode purity). A higher mean IncNode purity indicates the higher importance
of the variable in predicting probability of occurrence, allowing the comparison of variables
within the model (note there is no maximum value).

The variable identified as the most important to predict the presence suitable habitat for

Modiolus modiolus reefs in this study was maximum temperature at the seabed, followed
closely by seabed substrate and minimum salinity (Table 4).
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Table 4: Importance of all environmental variables in the Modiolus modiolius HSM produced
for this assessment.

Rank | Environmental Variable Mean IncNode Purity
1 Maximum temperature at the seabed 23.81

2 Seabed substrate 22.06

3 Minimum salinity 20.72

4 Kinetic energy at the seabed due to currents 18.18

5 Kinetic energy at the seabed due to waves 17.23

6 Depth to seabed 12.37

7 Slope of the seabed 8.66

The variable identified as the most important to predict the presence of Zostera marina beds
in this study was wave fetch, followed by depth to seabed and minimum temperature at the
seabed (Table 5).

Table 5: Importance of all environmental variables in the Zostera marina HSM produced for
this assessment.

Rank | Environmental Variable Mean IncNode Purity
1 Wave fetch 18.17

2 Depth to seabed 15.73

3 Minimum temperature at the seabed 10.58

4 Minimum salinity 7.64

5 Current energy at the seabed 6.48

6 Wave energy at the seabed 6.18

7 Seabed substrate 3.18

3.3. Habitat suitability model processing
3.3.1. Raster to vector

HSMs produced by the JNCC SDM package were output in raster format, where the value
for each grid cell indicated the probability of occurrence of the associated habitat. To provide
statistics such as the area of predicted suitable habitat, model outputs were imported into R
version 3.6.1 (R Core Team 2019) using the “raster” package (Hijmans 2023) and converted
to vector format using the “rasterToPolygon” function.

3.3.2. Area calculation

Following conversion to vector format, the HSMs were intersected with the UK Marine Strategy
layer and the area of each polygon was calculated. Area was calculated using the “st_area”
function from the “sf” package (Pebesma 2018, 2023). This area was then multiplied by the
associated probability of the habitat occurrence, and divided by one million, to obtain the area
of predicted habitat per polygon in km?2. To obtain the total area of habitat predicted by each
HSM, the area of suitable habitat per polygon was summed for the entire extent of the HSM.
This approach to predict the area of suitable habitat, followed the methodology used by Castle
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et al. (2022) and suggested by Calabrese et al. (2014), and was adopted to prevent applying
ad-hoc thresholds based on the probability of presence for HSMs. This calculation of predicted
suitable habitat area may be summarised by the following equation:

Equation 2: Method of calculating the total potential area of suitable habitat per HSM.

N
Total potential area of suitable habitat = 2 A;P;
i=0

Where the area (A) was multiplied by the probability (P) for each polygon (i) and summed
over all polygons (N) in the HSM.
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4. Results

The AUC values produced by the JNCC SDM framework for both Modiolus modiolus and
Zostera marina HSMs were both above 0.9 (Table 6), denoting well performing models
(Hanley & McNeil 1982).

The total area of predicted suitable habitat for Modiolus modiolus reefs was 67,327 km? and
for Zostera marina beds was 2,596 km?. Standard deviation as a percentage of total area of
predicted suitable habitat was calculated as 31% for Modliolus modiolus reefs and 27% for
Zostera marina beds (Table 6).

Table 6: Mean AUC, area of predicted suitable habitat, and standard deviation over all
model iterations and percentage of standard deviation of total area of predicted suitable
habitat for both Modiolus modiolus reefs and Zostera marina beds.

Standard
Deviation of
Mean Total Area of Standard Total Area of
Model Predicted . g .
AUC . . Deviation Predicted
Suitable Habitat .
Suitable
Habitat
Modiolus modiolus 0.949 67,327 km? 21,016 km? 31.22%
Zostera marina 0.932 2,596 km? 697 km? 26.86%

4.1. Modiolus modiolus

The JNCC SDM package used the random forest algorithm to predict the probability of
suitable habitat for Modiolus modiolus reefs across the UKMS region (Figure 1). Of the
67,327 km? of Modliolus modiolus reefs, areas identified to have high habitat suitability
included the Western Channel and Celtic Sea; the Irish Sea; Strangford Lough; the waters
around Northern Ireland and the Firth of Clyde; and the Small Isles and Orkney (Figure 2).

The modelling approach presented in this report has reduced the prediction of potentially
erroneous suitable habitat presence in some locations, for example the model does not
predict the erroneous presence of habitat suitable for Modiolus modiolus reefs off the coast
of Norfolk identified in previous studies (Figure 1; Gormley et al. 2013; Castle et al. 2022).
Modiolus modiolus reefs are not known to occur in this area, likely due to smothering from
turbid and silty conditions, which is known to cause absence of reefs (Hutchinson et al.
2016). Additionally, the model also predicts presence of Modiolus modiolus reefs in the
Bristol Channel (Figure 1) (outside of the Severn Estuary); although this differs from previous
HSMs (Gormley et al. 2013; Castle et al. 2022), other publications have highlighted that
dense aggregations of juvenile Modiolus modiolus occur in the Bristol Channel, which are
not thought to survive to adulthood (Fletcher et al. 2012).

16



JNCC Report 801

4400000 1
4200000 A
Suitability of habitat for
Modiolus modiolus reefs
4000000
0.0-0.1
0.1-0.2
— o203
g 38000001 0.3-04
© 04-05
é 0.5-06
[®)]
c 0.6-0.7
‘= 3600000 1
= 0 07-08
S 0.8-0.9
09-1.0
3400000 A
Land
3200000+
3000000+

3000000 3200000 3400000 3600000 3800000
Easting (meters)

Figure 1. Mean predictive values of habitat suitability for Modiolus modiolus reefs across the
UK within the model extent of 0 - 248 m depth. © JNCC 2024, Map projection: EPSG 3035,
Not to be used for navigation.
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Figure 2: Mean predictive values of habitat suitability for Modiolus modiolus reefs for A — the Hebrides; B — Orkney; C — Strangford Lough; and
D — North Wales / Anglesey. © JNCC 2024, Map projection: EPSG 3035, Not to be used for navigation.
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The standard deviation for Modiolus modiolus reefs accounted for 21,016 km? of predicted
suitable habitat across UK waters. Variability was largely confined to areas of high

probability of suitable habitat for Modiolus modiolus reefs, such as the Irish Sea and Scottish
Islands (Figure 3). Interestingly, small patches of higher standard deviation were observed
off the coast of Norfolk, where the mean probability for suitable habitat for Modiolus modiolus
reefs was low.

4400000+ ----4------ - I ——— E——
I | | | i
[ | | |
| | 1 |
[ | | |
4200000+ - - - - ! E— T — ]
Ol
| 1
| | .
| ' i
40000001 - - - - 4o e » .
I .
—_— | 4
wn | <
@ 38000001 ---- decmmon : " Land
‘.q_j I ! 2 e
é : I i Standard deviation of habitat for
= : ‘x ’; " Modiolus modiolus reefs
£ 3600000+ ----- - R -
S | . _ 0.0-0.1
= | ol 0.1-0.2
| e 0.2-0.23
3400000+ - - - - ﬁ o . -
. i -
| 1 f‘
|
[ o
3200000 f - - - - - AR
; 1
[}
[}
| | 1
3000000+ - - p———— I s L S S
[ | | | |

3000000 3200000 3400000 3600000 3800000
Easting (meters)

Figure 3: Standard deviation in the predictive values of probability of habitat suitability for
Modiolus modiolus reefs across the UK, within the model extent of 0 - 248 m depth. © JNCC
2024, Map projection: EPSG 3035, Not to be used for navigation.

4.2. Zostera marina

The JNCC SDM package used the RF algorithm to predict the probability of suitable habitat
for Zostera marina beds within UK waters (Figure 4). Of the 2,596 km? predicted suitable
habitat for Zostera marina beds, areas identified to have high probability were the Llyn
Peninsula, Portsmouth, the Isles of Scilly and Islay (Figure 5). Strangford Lough, Loch Ryan,
the Hebrides, Orkney, Luce Bay, Moray Firth and Dornoch Firth, also had high probability of
suitable habitat for Zostera marina beds.
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Figure 4: Mean predictive values of habitat suitability for Zostera marina beds across the UK

within the model extent of 0 - 15 m depth. © JNCC 2024, Map projection: EPSG 3035, Not to
be used for navigation.
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Figure 5: Mean predictive values of habitat suitability for Zostera marina beds for A — Islay; B — Anglesey and the LIyn Peninsula; C — the Isles

of Scilly; and D — Portsmouth and the Isle of Wight. © JNCC 2024, Map projection: EPSG 3035, Not to be used for navigation.
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The standard deviation for Zostera marina beds accounted for 697 km? of predicted suitable
habitat across UK waters. Variability was largely confined to areas of high probability of
suitable habitat for Zostera marina beds. However, there were some exemptions to this
general pattern, for example areas such as the Solway Firth and the Humber exhibited low
probability of suitable habitat for Zostera marina but relatively high standard deviation
(Figure 6).

} I } | }
| | | | |
42000004 - -~ ==~ - =~ - i a---4f__ 1
: : : : :
1 I 1 | 1
[} | [} 1) }
1 | 1 o 1
} I } | }
4000000 ¢ === ======~= e e 1
| Y AN |
| | ] & | |
[} 1 & 1
| | |
— | | - : 3 | I
@ FEAD000 e e o g : et ey Land
Q9 1 1 . I [
[<)] | 1 | |
é : / s || Standard devation of habitat for
83 : ‘ : : Zostera marina beds
E:mommou——-f- - e T 0.0-0.1
o I 1 1 _
N | | | 0.1-02
I I I 0.2-0.3
i L} . |
! ; 3 :
34000001 - - e e
I [}
| | |
[} I [}
[} | P~ |
| | . |
1 | e ! |
SEDUOH0 T oo i B g ; B
1 | : [ e [
[} [} [} - | [}
[} I [} | [}
I I | | I

3000000 3200000 3400000 3600000 3800000
Easting (meters)

Figure 6: Standard deviation in the predictive values of probability of habitat suitability for
Zostera marina beds across the UK, within the model extent of 0 - 15 m depth. © JNCC
2024, Map projection: EPSG 3035, Not to be used for navigation.
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5. Discussion

5.1. Environmental variable importance

Environmental data on some factors known to influence assessed habitat distribution and
persistence were either unavailable or unsuitable to be incorporated into the current model.
Future work to assess the availability and applicability of data on additional environmental
variables that influence habitat distribution would assist in improving model accuracy.

The importance of environmental variables in predicting areas of suitable habitat for both
Modiolus modiolus reefs and Zostera marina beds (Table 4 and Table 5) indicates the
environmental conditions that are most crucial for those habitats to be able to persist.

5.1.1. Modiolus modiolus

Modiolus modiolus are tolerant to a broad range of environmental conditions (Lesser &
Kruse 2004). However, in our model the environmental variables that were the most
important in predicting areas of suitable habitat for Modiolus modiolus reefs were maximum
temperature at the seabed, seabed substrate and minimum salinity. Low salinity has been
shown to reduce the survival of Modiolus modiolus (Gainey 1994; Zhan et al. 2018) and
whilst dense aggregations have been observed in low salinity environments, these are often
juveniles which do not survive to adulthood (Bayne 1976). Modiolus modiolus reefs have a
lower thermal limit than other aggregating mussel species (Bayne 1976) and are thought to
be susceptible to increasing seawater temperatures which could reduce survival, impair
reproductive output and impact fitness of larvae (Hiscock et al. 2004). The importance of the
seabed substrate may be explained by Modiolus modiolus requiring a hard substratum for
initial attachment, despite being associated with a wide variety of substrates (Anwar et al.
1990). There are other environmental predictor layers that could improve the predication of
potentially suitable habitat for Modiolus modiolus, for example, reefs are known to be
impacted by burial events (Hutchison et al. 2016), however there is currently no UK-wide
layer available for sedimentation rates.

5.1.2. Zostera marina

Zostera marina is known to be impacted by the availability of light, therefore it seems
appropriate that depth to the seabed, impacting the amount of photosynthetically active
radiation reaching the seabed, was one of the most important variables in predicting areas of
suitable habitat (Erftemeijer & Lewis 2006). Wave fetch was also an important variable
because Zostera marina beds are unlikely to settle and thrive in areas with higher wave fetch
due to not being able to physically remain attached to the sediment. Nutrient limitation,
particularly of nitrates and phosphates, is also known to impact the growth of Zostera marina
(Leoni et al. 2007). Considering the dynamic availabilities in concentrations of these
nutrients, a UK-wide nutrient dataset would be a valuable addition to the Zostera marina
HSM.

Importantly, the HSMs presented here predict habitat suitability based on known presence
and pseudo-absence, including historical records of where these habitats have occurred
previously but may not occur now due to environmental changes or changes in
anthropogenic pressures. While the modelled environmental conditions may be suitable for
these two biogenic habitats to occur, additional variables may affect their actual presence or
absence.
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5.2. Biological and environmental data considerations

5.2.1. Data availability

The availability of habitat occurrence response data for Modiolus modiolus reefs and Zostera
marina beds was limited. For instance, only 1,471 presence records for Modiolus modiolus
reefs and 4,730 presence records for Zostera marina beds were initially collated, which were
reduced to 473 and 886 respectively after the selection process to determine presence /
pseudo-absence per grid cell (Table 3).

Additionally, the paucity of true absence of habitat records meant that pseudo-absence data
had to be used in place of absence data. The use of pseudo-absence data is common in
HSMs, and the best available habitat occurrence datasets for the UK were used for this
occurrence type. However, the use of true absence data would mitigate the risk of classifying
habitats as pseudo-absence that have understudied relationships with those modelled in this
report and would also improve confidence in the models.

Future work, firstly, could look at increasing survey efforts for the modelled habitats across
the UK, including both presence and true absence, which could be incorporated into the
HSMs to provide more evidence of habitat occurrence and environmental range. Secondly,
when incorporating habitat occurrence response variables into future HSMs, exploration of
alternative methods to balance the number of presence and pseudo-absence records to
ensure that the model better predicts where the habitat is present rather than where it is
absent should be considered.

The HSMs presented in this report do not account for the impacts of climate change on
predicted habitat suitability. Although temperature at the seafloor is included as an
environmental predictor variable in both HSMs, future HSMs could incorporate
environmental variables directly linked to climate change to improve their predictive power.
Zostera marina, for example, is sensitive to elevated temperatures (Shields et al. 2018;
Scalpone et al. 2020; Sawall et al. 2021), sedimentation (Mills & Fonseca 2003), light stress
(Wong et al. 2021), and storm events (d’Avack et al. 2022), all of which are likely to increase
in frequency due to climate change. The inclusion of environmental predictor variable layers
related to climate change pressures may ensure that impacts that have already occurred as
a result of changing climate are incorporated into the prediction of suitable habitat for both
Modiolus modiolus reefs and Zostera marina beds, improving the predictive power of the
models.

Additionally, the current extent and distribution of presence and pseudo-absence points that
feed into the HSM as predictor variables may also not be representative of preferred
environmental conditions. Anthropogenic activities and resultant pressures and responses
may already have impacted the range of the habitat for both Modiolus modiolus reefs and
Zostera marina beds and thus the environmental conditions present may already be sub-
optimal for their presence.

5.2.2. Temporal resolution

Historical presence and pseudo-absence records were used in the production of HSMs for
both Modiolus modiolus reefs and Zostera marina beds to maximise the available data to
feed into the models. Since the predictor variables (environmental data) were sourced from
the most recent and up to date data sources, the environmental data assigned to historical
presence or pseudo-absence records may not be representative of the environmental
conditions at the time of sampling. This is of particular importance when considering the
effects of climate change and anthropogenic activities. This may affect the range of
environmental conditions ultimately used for predicting areas of suitable habitat for Modiolus
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modiolus reefs and Zostera marina beds, resulting in a shift in distribution of most suitable
predicted habitat. Further iterations of the HSMs could consider only using temporally
aligned biological and environmental variables, although this would drastically reduce the
available biological records unless more extensive surveying efforts were undertaken.

5.2.3. Spatial resolution

The production of HSMs for predicted suitable habitat for Modiolus modiolus reefs and
Zostera marina beds used biological and environmental variables at different spatial
resolutions. Biological data was available as point records, whereas environmental data
layers were resampled to a 300 m? grid from their original resolution (Table 1). As a result,
the environmental conditions assigned to presence and pseudo-absence records may not be
representative of the conditions where the sample was taken. In future, finer resolution
environmental layers may be sourced to reduce the disparity in spatial resolution, however
the inclusion of such layers may be limited by computer processing power. The use of a
higher resolution environmental raster for a specific case study area with intricate coastlines
such as the Hebrides or Orkney, if available, may provide useful information on the effect of
this type of variability on the HSM output.

Additionally, detail on the fine-scale resolution, and therefore distribution, of presence and
pseudo-absence records was reduced when the location of points was aggregated up to the
300 m? grid cell. Presence and pseudo-absence data were further simplified by calculating
the proportion of presence to weighted pseudo-absence records per grid cell, thereby
categorising the whole cell by one occurrence type. In future, finer resolution grid cells
obtained from the environmental variables may mitigate the reduction in resolution of the
biological sample points, though this may be restricted by computer processing power.

5.2.4. Connectivity dynamics

The current HSMs do not capture the dynamics of sources and sinks, in terms of patterns of
larval dispersal and genetic connectivity for Modiolus modiolus and propagule dispersal for
Zostera marina. Although the HSMs predict areas of potentially suitable habitat in terms of
environmental conditions, a population may not be able to persist in that location if
connectivity and self-recruitment are limited.

Current evidence suggests medium to high genetic connectivity between modiolus beds in
the UK, with the exception of east coast modiolus beds (Mackenzie et al. 2018, 2022). This
genetic connectivity provides some buffer to extent loss; however, it may reduce adaptive
capacity due to low genetic variation (Mackenzie et al. 2022). To provide the highest
resilience potential, both identifying and conserving source and sink populations is key.
Certainly, population dynamics need to be examined on a location-by-location basis.

25



JNCC Report 801

6. Improving the models

6.1. Incorporation of ground-truth habitat maps

The data paucity in relation to the distribution and extent of Modiolus modiolus reefs and
Zostera marina beds necessitates the use of HSMs to fill these data gaps. To refine the
models, where available, the observed distributions (mapping of realised habitat) could be
incorporated to improve the accuracy and confidence in the extent and distribution of both
habitats in UK waters. The creation of this combined habitat map could be achieved in a
similar way to the EUNIS Combined Map (Matear et al. 2019), which utilises habitat maps
derived from direct survey efforts, supplemented by modelled broad-scale habitat data in
locations where survey derived habitat information is unavailable. In the UK, some
designated sites, such as the Small Isles Nature Conservation Marine Protected Area,
Strangford Lough Special Area of Conservation (SAC), and Isles of Scilly Complex SAC are
designated for the protection of Modiolus modiolus reefs and/or Zostera marina beds, and
further survey work within sites designated for the protection of these features would help to
supplement this effort.

6.2. Spatial blocking

Due to the targeted nature of surveying the marine environment, habitat occurrence records
were often in proximity to each other, potentially increasing the risk of autocorrelation within
the model. The model may therefore perform artificially better in cells near sample data, but
poorer in cells further away. The implementation of spatial blocking to address
autocorrelation may improve the predictive accuracy of the HSM and is considered best
practice when partitioning data because it improves the spatial independence of the training
and test data (Valavi et al. 2019). The use of spatial blocking may help to improve the
predictive performance of the HSMs in this report leading to more accurate predictions of
extent and distribution.
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7. Conclusions

This report details the methodology used to refine the HSMs for two biogenic benthic
habitats, Modiolus modiolus reefs and Zostera marina beds, using current environmental
predictor and biological response variable data. These HSMs are available in raster and
vector format and aim to fill acknowledged data gaps in the estimation of the distribution and
extent of these modelled habitats.

Areas of high suitability of habitat for Modiolus modiolus reefs were identified from the
models around the Western Channel, Celtic Sea, the Irish Sea, Strangford Lough, the waters
around Northern Ireland, the Firth of Clyde, the Small Isles and Orkney. The probability of
suitable habitat for the presence of Zostera marina was highest in the LIyn Peninsula,
Portsmouth, the Isles of Scilly and Islay.

Future iterations of the HSMs could be refined by incorporating other environmental
variables known to impact the settlement, survival and persistence of these habitats, such as
the impacts of climate change, as well as incorporating ground-truthed habitat maps, and
other modelling improvements.

These HSMs can be used to provide an estimation of current and future potentially suitable

habitat for Marine Spatial Planning, assessment of suitable sites for restoration,
management of anthropogenic activities and designation of protected areas.
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