Marine Pollution Bulletin 209 (2024) 117082

ELSEVIER

Contents lists available at ScienceDirect BOLLUTON
Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

H MARINE
BOLLETT

L))

Check for

An integrated mapping approach highlights extended distribution and high [
environmental status of Irish seagrass meadows

a,b,*

Pedro Beca-Carretero
Dagmar B. Stengel *

, Sara Varela“, Tom Rossiter °, Robert Wilkes ¢, Marc Julia-Miralles ©,

@ Botany and Plant Science, School of Natural Sciences, University of Galway, H91 TK33 Galway, Ireland

b Leibniz Centre for Tropical Marine Research, 28359 Bremen, Germany

¢ Centro de Investigacion Marina, Departamento de Ecoloxia e Bioloxia Animal, Universidade de Vigo, Campus Lagoas-Marcosende, 36310, Vigo, Spain

d Environmental Protection Agency, Castlebar, Co., F23 KT91 Mayo, Ireland

€ Facultad de Ciencias Marinas, Universidad Autonoma de Baja California, Ensenada 3917, B.C., Mexico

ARTICLE INFO ABSTRACT

Keywords:

Coastal ecosystems

Geographic information system (GIS)
Species distribution models (SDM)
Snorkelling-based survey

Zostera species

Baseline

To address the remaining knowledge gap regarding the distribution of seagrasses in Ireland, this study aimed a)
to create an updated seagrass (Zostera spp.) distribution map, and b) to evaluate the environmental quality to
which seagrass meadows are exposed. To achieve the first objective, we (i) combined the available data on
seagrass distribution published to date, and (ii) mapped additional meadows by implementing an integrated
method based on species distribution models, satellite-derived images, and snorkelling-based surveys. We
mapped 209 new seagrass meadows (14.98 km?), representing a 37.03 % increase over previously reported

extents. Consequently, the total extent of Irish seagrass meadows is estimated to be at least 54.85 km?. To address
the second objective, we assessed the level of anthropogenic pressure of seagrass meadows based on the index
provided by the Water Framework Directive of the European Environment Agency. This study demonstrates that
Irish meadows are primarily located in areas with ‘HIGH’ and ‘GOOD’ water status.

1. Introduction

Seagrasses are marine flowering plants that are globally distributed
across sheltered and shallow nearshore areas. Similar to tropical forests
and saltmarshes, they fulfil important ecosystem services (Nordlund
et al., 2018) including the provision of shelter and nursery habitat,
coastal protection, and sequestration of atmospheric CO; into sediments
(Barbier et al., 2011; Kennedy et al., 2010; Fourqurean et al., 2012;
Beltran et al., 2020). However, despite their ecological importance,
seagrass habitats are globally under threat due to mechanical anthro-
pogenic disturbances, eutrophication, and climate change impacts (Orth
et al., 2006; Waycott et al., 2009). Noteworthy, recent studies have
suggested that local conservation efforts can succeed in restoring
degraded seagrass habitats, highlighting the potential for significant
habitat recovery worldwide (de los Santos et al., 2019; Dunic et al.,
2021).

Over the last two decades, seagrasses have gained global recognition
for their ecosystem services and their role as nature-based solutions
(NbS) (Lavery et al., 2013; Nordlund et al., 2018; Crespo et al., 2023).

This growing public awareness has led to the emergence of numerous
seagrass citizen initiatives aimed at characterizing, monitoring, and
conserving seagrass meadows (Nordlund et al., 2018), including various
online platforms (e.g. SeagrassSpotter https://seagrassspotter.org) and
programs (e.g. CoastWatch https://coastwatch.org/). Seagrass conser-
vation and management are current priorities within the European
framework, as reflected in the EU Habitats Directive, the Water
Framework Directive (2000/60/EC), and the EU Biodiversity Strategies
to 2020/2030. These initiatives align with global strategies such as the
Barcelona Convention (1995), the United Nations Convention on Bio-
logical Diversity, and the International Union for Conservation of
Nature.

One of the global challenges in seagrass conservation is the insuffi-
cient data on the distribution of large seagrass meadows and the envi-
ronmental conditions that support them (Unsworth et al., 2019). To
address this, accurate and up-to-date species distribution maps are
essential to monitor species habitat changes and environmental impacts
(Roelfsema et al., 2013; Egoh et al., 2012). Over the last decades, the
mapping of seagrass meadows has employed several approaches (i.e.
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Hossain et al., 2015; Traganos et al., 2022); these have included the use
of satellite or hyperspectral images, multibeam sonar techniques or
autonomous underwater vehicles (AUVs) (Komatsu et al., 2003), or in-
situ data collection through diver-operated field surveys to map these
habitats (Winters et al., 2017). The mapping of benthic habitats
including seagrasses and marine macroalgae, particularly subtidal or
deep meadows, has proven to be highly challenging, often requiring
considerable human and economic effort and time (Aswani and Lauer,
2006; Rossiter et al., 2020; Unsworth et al., 2022). Spatial or species
distribution models (SDMs) have been used to estimate habitat suit-
ability for marine primary producers, including seagrasses, by consid-
ering ecological and environmental factors at local, regional, and global
scales, even in data-deficient areas (e.g., Valle et al., 2014; Beca-Car-
retero et al., 2020a; Mendoza-Segura et al., 2023). These models have
helped to forecast seagrass biodiversity patterns, prioritize areas for
habitat protection, and identify optimal zones for restoration (Adams
et al., 2016). SDMs also predicted shifts in seagrass habitat suitability
due to environmental changes, such as climate change, and assess the
potential spread of invasive species (Beca-Carretero et al., 2020a,
2020b; Chefaoui et al., 2018). In fact, spatial models suggest that global
seagrass distribution may be more extensive than currently reported
(Jayathilake and Costello, 2018). The integration of diverse mapping
approaches can enhance the accuracy of spatial information and provide
complementary spatial and ecological data, leading to a more compre-
hensive understanding of seagrass meadow distribution and extent
(Beca-Carretero et al., 2020b; Veettil et al., 2020).

Irish coastal waters and nearshore habitats host a variety of key
ecosystems, including saltmarshes, seagrasses, maérl, oyster reefs, kelp
forests, and seaweed meadows. Many of these are highly sensitive,
requiring conservation efforts to ensure their survival and continued
ecological functioning in the face of increasing environmental pressures
(Gibson et al., 2007; Cott et al., 2021). In Ireland, seagrass meadows are
formed by Zostera marina in subtidal and Z. noltei in intertidal areas, with
the occasional occurrence of the ecotype Z. marina angustifolia; addi-
tionally, smaller meadows consist of Ruppia spp. (i.e. NPWS, 2011a,
2011b, 2011c, 2011d, 2011e, 2011f, 2014a, 2014b, 2014c, 2015).
Overall, spatial information on Irish seagrasses has remained incomplete
and requires updating. Previous efforts to map the distribution of both
intertidal and subtidal populations as part of general seabed mapping
efforts were led by the National Parks and Wildlife Service (NPWS), the
MESH Atlantic project (http://www.emodnet-seabedhabitats.eu/map),
the Site-Specific Conservation Objectives Marine Community Types
project (https://data.gov.ie), and the OSPAR Habitats project (htt
p://www.ospar.org/). These studies commenced in 1997 as part of the
BioMar program and were later continued by a Marine Institute survey
in 2010-2011 (Tully and Clarke, 2012). More recently, Wilkes et al.
(2017) collected a comprehensive inventory of intertidal seagrass extent
around Ireland, accounting for 19.1 km?, mostly represented by Z. noltei,
and to a lesser degree Z. marina angustifolia. However, recent studies of
Irish seagrass meadows suggested that their actual distribution is
significantly wider than currently documented (Beca-Carretero et al.,
2020Db; Cott et al., 2021; Hastings et al., 2020).

Notably, recent investigations have revealed extensive subtidal
Z. marina meadows along the west coast, which remain largely undis-
turbed and exposed to low anthropogenic pressure (Beca-Carretero
et al., 2019, 2020b). Wilkes et al. (2017) reported an overall adequate
health status of the intertidal seagrass environments, particularly of
Z. noltei meadows, but also identified certain areas that are significantly
impacted by anthropogenic pressures, including nutrient loadings and
mechanical disturbances. It has also been noted that some areas have
experienced the depletion of seagrass meadows in recent years, for
example, Dungarvan (Co. Waterford) or the wider Dublin Bay area
including Malahide and Baldoyle (Madden et al., 1993; Wilkes et al.,
2017). These losses were linked to anthropogenic impacts such as
nutrient runoff and algae blooms. Historically, in the early 1930s, sea-
grass habitats on the east coast of Ireland, especially in Dublin Bay and
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surrounding areas, were affected by the ‘wasting disease’, primarily
associated with the presence of the microbe Labyrinthula zosterae
(Whelan and Cullinane, 1987). This disease resulted in substantial sea-
grass loss in these areas, and in other Atlantic regions of Europe
(Sullivan et al., 2013) although its specific impacts in Irish waters are
not well established.

In European waters, the Water Framework Directive (WFD) aims to
monitor and manage water quality in marine and freshwater environ-
ments (https://environment.ec.europa.eu/topics/water/water-fra
mework-directive_en). This tool implements various key -criteria,
which include assessing the chemical status by comparing pollutant
concentrations against established standards, such as nutrient content or
heavy metals in the water columns. It also involves evaluating various
biological quality elements, such as phytoplankton, macrophytes, and
invertebrates, and monitoring groundwater quality (Reyjol et al., 2014;
Carvalho et al., 2019). This tool has been applied to nearshore ecosys-
tems, including seagrasses and seaweeds (i.e. Brito et al., 2010; Pavlidou
et al., 2015; Wilkes et al., 2017).

The primary objective of this study was to generate an updated
distribution map of seagrasses in Ireland and evaluate the water quality
to which documented meadows are exposed, thereby addressing priority
questions identified for advancing seagrass conservation in Europe
(Nordlund et al., 2024). First, we created a comprehensive map of sea-
grass distribution, focusing on Z. marina and Z. noltei, by (i) merging
available data on the spatial distribution of intertidal and subtidal sea-
grass meadows in Ireland. Subsequently (ii), we employed a mapping
approach based on a species distribution model (SDM) and satellite-
derived images to gather spatial information on seagrasses around the
Irish coast, further validated through snorkelling field assessments.
Additionally, we determined water quality in Irish seagrass meadows
using the quality index provided by the WFD.

We hypothesized that the distribution of Irish seagrass is signifi-
cantly larger than currently reported in the literature, partly due to the
limited attention that seagrass has received until recently. This applies
particularly to subtidal meadows because of the specific difficulty
associated with documenting and mapping such habitats. Additionally,
we expected that a significant proportion of Irish seagrass meadows are
situated in environments characterized by high or good water quality.

2. Methodology
2.1. Updated maps of Irish seagrass meadows

To create updated distribution maps of seagrasses in Ireland, we
compiled, evaluated, and integrated fragmentary available records of
seagrass meadows of the literature (Table 1). Subsequently, we con-
ducted an integrated mapping approach to document novel seagrass
meadows along shallow coastal waters. The spatial information derived
from both approaches was then combined to produce a final distribution
map (Fig. 1).

2.1.1. Sources of published seagrass distribution data

The spatial information for Irish seagrasses was categorized into two
groups: one comprising specific location data (polypoint or polyline
shapefiles), and another group encompassing the extent of seagrass
meadows (polygon shapefiles). Based on each category, we created two
separate maps.

Regarding specific location data, we gathered information from
various sources, including the Global Biodiversity Information Facility
(GBIF, https://www.gbif.org/), Biodiversitymapping (https://biod
iversitymapping.org), Global Seagrass Watch (GSW, https://www.
seagrasswatch.org/), Seagrassspotter (https://seagrassspotter.org), and
citizen science projects aiming at mapping Irish seagrass meadows, such
as the “Coastwatch Project of Seagrasses in Ireland” or “Searching for
Seagrasses” (Beca-Carretero, 2019). Additionally, we reviewed and in-
tegrated spatial information provided by previous scientific articles (i.e.
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Table 1
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Data sources containing the presence and/or distribution of Zostera marina and Z. noltei from the coast of Ireland. GBIF (Global Biodiversity Information Facility), OBIS

(Ocean Biogeographic Information System), NPWS (National Parks and Wildlife Service), MERC (Marine and Freshwater Research Centre).

Spatial information Species Region Source Type of sources Year
Point Zostera marina Co Galway Breen et al., 2024 Scientific article 2024
Points Zostera marina and Z. noltei All Ireland GBIF Geospatial data platforms 2024
Points Zostera marina and Z. noltei All Ireland OBIS Geospatial data platforms 2024
Points Zostera marina and Z. noltei All Ireland SeagrassSpotter Geospatial data platforms 2024
Points Zostera marina Co. Clare Jones et al., 2018 Scientific article 2022
Points Zostera marina and Z. noltei Co Galway, Co Clare, Azcarate-Garcia et al., 2022 Scientific article 2022
Points and transects Zostera marina and Z. noltei Co. Waterford Alghamdi and Young, 2022 Scientific article 2022
Points Zostera marina and Z. noltei All Ireland Coastwatch Report 2019
Points/ coordinates Zostera marina and Z. noltei All Ireland Tully and Clarke, 2012 Scientific article 2012
Transects Zostera noltei All Ireland NPWS, 2007 Report 2007
Transects Zostera noltei Co. Dublin NPWS, 1997 Report 1997
Points Zostera marina and Z. noltei Co. Dublin Madden et al., 1993 Scientific article 1993
Coordinates Zostera marina and Z. noltei Co. Galway, Co. Kerry Dawes and Guiry, 1992 Scientific article 1992
Points Zostera marina and Z. noltei Co. Dublin Whelan and Cullinane, 1987 Scientific article 1987
Points Zostera marina and Z. noltei Co. Kerry Whelan and Cullinane, 1985 Scientific article 1985
Points Zostera marina and Z. noltei Co. Waterford Guiry et al., 1972 Scientific article 1972
Points Zostera marina and Z. noltei Co. Waterford Scannell and Ferguson, 1969 Scientific article 1969
Polygons and points Zostera marina and Z. noltei All Ireland EMODNET Geospatial data platforms 2024
Polygons and points Zostera marina and Z. noltei All Ireland DATA.GOV.IE Geospatial data platforms 2024
Polygons Zostera marina and Z. noltei All Treland OSPAR Geospatial data platforms 2024
Polygons Zostera marina and Z. noltei Co. Kerry NPWS, 2022 Report 2022
Polygons Zostera marina Co Galway Beca-Carretero et al., 2024 Scientific article 2024
Polygons Zostera marina Co Galway Beca-Carretero et al., 2021 Scientific article 2021
Polygons and points Zostera marina Co Galway Beca-Carretero et al., 2020b Scientific article 2020
Polygons Zostera marina Co Galway Beca-Carretero et al., 2020a Scientific article 2020
Polygons and points Zostera marina All Ireland Beca-Carretero et al., 2019 PhD thesis 2019
Polygons Zostera marina Co Galway Beca-Carretero et al., 2019 Scientific article 2019
Polygons Zostera noltei and Z. marina All Treland Wilkes et al., 2017 Scientific article 2017
Polygons Zostera marina Co. Galway NPWS, 2015 Report 2015
Polygons Zostera marina Co. Galway NPWS, 2014a Report 2014
Polygons Zostera marina Co. Kerry NPWS, 2014b Report 2014
Polygons Zostera marina Co. Galway NPWS, 2013a Report 2013
Polygons Zostera marina Co. Cork NPWS, 2013b Report 2013
Polygons Zostera marina Co. Cork NPWS, 2013c Report 2013
Polygons Zostera marina Co. Dublin NPWS, 2013d Report 2013
Polygons Zostera marina Co. Waterford NPWS, 2013e Report 2013
Polygons Zostera marina Co. Kerry NPWS, 2013d Report 2013
Polygons Zostera marina Co. Wexford NPWS, 2012a Report 2012
Polygons Zostera marina Co. Kerry NPWS, 2012b Report 2012
Polygons Zostera marina Co. Kerry NPWS, 2011a Report 2011
Polygons Zostera marina Co. Mayo NPWS, 2011b Report 2011
Polygons Zostera marina Co. Cork NPWS, 2011c Report 2011
Polygons Zostera marina Co. Kerry NPWS, 2011d Report 2011
Polygons Zostera marina Co. Mayo NPWS, 2011e Report 2011
Polygons Zostera marina Co. Kerry MERC, 2009 Report 2009
Polygons Zostera marina Co. Mayo, Co. Donegal MERC, 2008 Report 2008
Polygons Zostera marina Co. Cork Dale et al., 2007 Master thesis 2007
Polygons Zostera marina Co. Kerry MERC, 2007a Report 2007
Polygons Zostera marina Co Cork, Co. Mayo, Co. Kerry MERC, 2007b Report 2007
Polygons Zostera marina Co Galway, Co. Mayo MERC, 2006 Report 2006

Whelan and Cullinane, 1987; Madden et al., 1993; Dale et al., 2007;
Alghamdi and Young, 2022) and reports, such as MERC or NPWS
(NPWS, 2007, 2015). These datasets were merged into one shapefile
(ArcGIS 10.6 software [ESRI®]).

For data on Zostera spp. meadow characteristics including meadow
extent (polygon shapefiles), we collected data from four main sources:
(i) the MESH Atlantic project (http://www.emodnet-seabedhabitats.
eu/map); (ii) the Site-Specific Conservation Objectives Marine Com-
munity Types project (https://data.gov.ie); (iii) the OSPAR Habitats
project (http://www.ospar.org/); and (iv) published spatial information
regarding Irish subtidal (Beca-Carretero et al., 2019) and intertidal
(Wilkes et al., 2017) meadows. These datasets were merged and dis-
solved into one polygon shapefile (ArcGIS 10.6 software [ESRI®]). The
extent of each meadow was calculated in square kilometers (km?) under
the Irish Transverse Mercator (IRENET 95) projection.

2.2. Integrated method for mapping seagrasses

To document novel seagrass meadows along the Irish coast, based on
the proposed method by Beca-Carretero et al. (2020b), we employed an
integrated mapping approach based on a Species Distribution Model
(SDM) and satellite-derived images, further validated through snorkel-
ling field assessments.

2.2.1. Seagrass occurrences

First, to perform the SDM for Zostera spp. in Ireland, we combined
data of the spatial extent (polygon shapefiles) for both Z. marina (com-
bined common ecotype and the ecotype Z. marina var. angustifolia
[Beca-Carretero et al., 2024]) and Z. noltei meadows, for the following
reasons: in Ireland, both species can be found in intertidal and low
subtidal areas, forming mixed-species meadows (Wilkes et al., 2017;
Azcarate-Garcia et al., 2022; Beca-Carretero et al., 2024). Additionally,
we detected likely species identification errors in previously published
seagrass records along the coast of Ireland, particularly regarding
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Fig. 1. Work-flow used to document and map the seagrass habitat distribution in Ireland integrating diverse approaches.

differentiation between Z. noltei and Z. marina angustifolia. Therefore,
the combined information of Zostera spp. was merged and transformed
into a polypoint shapefile, utilizing a 200-m cell grid. This resulted in a
total of 155 records, of which 116 were Z. marina and 39 Z. noltei.

2.2.2. Predictor variables and pre-processing the GIS layers

To perform the SDM, a set of ten environmental variables were uti-
lized, seven of which were continuous variables, including annual mean
temperature, current energy, fetch, depth, slope, orientation, and dis-
tance from the coast, and three sedimentological layers were designated
as categorical (Fig. S3). Temperature data (°C) was derived from the
bioclimatic layers of the WorldClim - Global Climate Data (http://www.
worldclim.org/bioclim), specifically the BIO = Annual Mean Tempera-
ture with a resolution of 0.5°. Depth (m) data were obtained from the
European Marine Observation and Data Network (http://portal.emo
dnet-bathymetry.eu/) with a resolution of 0.2°, and from this layer,
the orientation (°) and the slope (°) layers were created using the aspect
and slope tools of the Spatial Analyst extension from ArcGIS 10.6 soft-
ware (ESRI®), respectively. The distance from the coast (m) was
calculated using the Euclidean distance tool of the Spatial Analyst
extension. The raster layer of tidal current energy (m s~!) was derived
from the National Oceanographic Centre (NOC) as part of the EMODnet
Seabed Habitats project (2010) (http://www.emodnetseabedhabitats.
eu/default.aspx). This layer was created using hydrodynamic NOC
models developed at 1 m above the seabed in the Celtic Sea and
expressed in terms of peak kinetic energy (J m~>). The fetch (m) layer
was created using a method described in Finlayson (2005) designed for
ArcGIS 10.6 software (ESRI®). This tool calculates effective fetch for
multiple wind directions based on a text file listing individual compass
directions, applying the recommended procedure of the Shore Protec-
tion Manual (https://www.umesc.usgs.gov) (USACE 1984). Finally,
sedimentological data were sourced from the EUNIS seabed habitat map
for the North Sea and Celtic Sea (http://www.emodnet-seabedhabitats.
eu/), which is categorized following the EUNIS classification system
(Galparsoro et al., 2012). Three sedimentological layers were created:
(i) soft sediment, including mud, muddy-sand, and sandy-mud; (ii)
mixed sediment, comprising sand, and mixed and coarse sediment; and
(iii) hard sediment, consisting only of rock and reef. Data of sediment
types were collected from three different sources: (i) the MESH Atlantic
project (http://www.emodnet-seabedhabitats.eu/map); (ii) the Site-
Specific Conservation Objectives Marine Community Types project
(https://wwww.data.gov.ie); and (iii) the OSPAR Habitats project

(http://www.ospar.org). All predictor variables were transformed into
raster files to ensure the same resolution extent and projection (IRENET
95). The environmental variables were specifically selected based on
their significant influence on seagrass habitat requirements. For
instance, seagrass presence can be limited by exposure to high water
currents or wave velocities. Additionally, changes in water depth and
orientation impact the quality of light available for photosynthesis
which, in turn, affects the vertical distribution of seagrasses. The type of
sediment and the slope of the sediment is another important factor, as
seagrasses generally prefer sandy and muddy areas with relatively
steady slopes on the seafloor.

2.2.3. SDM and model evaluation

The MAXENT model was used to (i) identify the environmental
factors that best explained the distribution of seagrasses, and (ii)
generate a map of seagrass habitat suitability. Therefore, the objective of
the SDM was not to predict the potential extent of seagrass meadows in
Ireland, but rather to identify areas with suitable environmental con-
ditions for seagrass presence, to guide the next steps in the proposed
mapping methods. The MAXENT model was run with the default
response settings (Phillips et al., 2006). For this, we assumed that (i) the
depth distribution of seagrasses must be equal to or below 0 m and (ii)
the seagrass distribution has remained constant since the first records in
1996. MAXENT generated a continuous raster file with pixel values
ranging from O to 1, with 1 representing the highest probability of po-
tential habitat suitability and O representing the absence of the target
species. Subsequently, we created a binary map indicating the presence
or absence of potential seagrass habitat. To assume the potential habitat
suitability of seagrasses, a logistic threshold was set to 0.33 (Table S2).
We calibrated the model using a random sample of 70 % (109 records) of
the presence data of the target species along the Irish coast and validated
it by selecting a random 30 % (46 records) of the distribution data of the
target species. The calibration and validation were conducted ten times
using different random distributions of seagrasses in both cases. The
final habitat suitability model was obtained based on the average of the
10 independent predictions.

Two different evaluation measurements were used to assess the
performance of the SDM, as was previously applied in similar seagrass
studies in Ireland (Beca-Carretero et al., 2020b). The first evaluation
method used was the area under the Receiver Operating Characteristic
curve (commonly abbreviated as ROC) and its corresponding area
metric, the area under the curve (AUC), which assesses the model's
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ability to distinguish between the presence and absence of a species. This
is a standard method to evaluate the performance of a model that aims to
split into two categories, which allow us to give a general value for the
performance of the model independently of the threshold used to
transform the continuous output into a binomial map The ROC curve
plots the true positive rate against the false positive rate, and the AUC
quantifies the overall performance of the model, with a value of 1
indicating perfect discrimination and a value of 0.5 representing random
chance. An AUC value between 0.5 and 0.7 indicates poor model per-
formance, while values between 0.7 and 0.9 are considered to have
moderate discriminatory ability. Models with AUC values higher than
0.9 are considered to perform excellently. To test the significance of the
AUC, a cross-validation procedure was performed with 100 iterations.
The second evaluation method was the sensitivity parameter, which is
the proportion of correctly predicted presence of the target species by
the SDM. This approach was chosen based on the nature of the data and
the SDM used (Allouche et al., 2006).
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2.2.4. Satellite-derived images

To visually identify potential seagrass meadows in areas where the
SDM predicted its habitat suitability, we downloaded high-resolution
satellite images from World Imagery in ArcGIS 10.6 software (ESRI®)
for different months between 2014 and 2019. To ensure optimal accu-
racy in identifying seagrass meadows using satellite images, we priori-
tize images generated in days with low tides and clear skies. This multi-
season and multi-year approach provided additional information on the
seasonality of seagrass meadows and allowed selection of those days
that could enable visual differentiation of seagrass presence.

2.2.5. Field-survey seagrass documentation and spatial assessment

To document and assess the spatial extent of new seagrass meadows,
we conducted snorkelling-based surveys between December 2015 and
March 2019, based on spatial information obtained from the SDM and
satellite-derived images. The methodology was adapted from Beca-
Carretero et al. (2020b); specifically, we did not use GPS devices to map
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Fig. 2. Map of habitat suitability of seagrass meadows (Zostera spp.) predicted by the maximum entropy (MAXENT) model along the coast of Ireland under present
conditions. The SDM outcome is based on the average result of 10 model simulations.
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the extent or edges of the seagrass meadows. Instead, we used high-
resolution satellite images to delineate the meadow edges. We manu-
ally drew the potential extent of the meadows using ArcGIS 10.6 soft-
ware (ESRI®) and high-resolution satellite images (Fig. S5).

2.3. Production of final seagrass distribution maps

To generate the final seagrass distribution maps for the coast of
Ireland, we developed the following maps: (i) Combined known and new
areas map: we merged the documented extent of seagrass meadows
along the coast using available and published distribution data labelled
as “known areas” (Table 1 and Fig. 2). Additionally, we included newly
documented spatial information categorized as “new areas,” obtained
through our integrated mapping approach (Fig. 3). During this process,
we also redefined the extent of certain previously documented meadows
where inaccuracies in their edges were identified. (ii) Species-specific

S
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map: Based on the spatial information provided in Fig. 3, we created
an additional map showing the distribution specifically for Zostera
marina and Zostera noltei (Fig. 4). (iii) Point and line shapefiles map: A
map encompassing seagrass records compiled in the literature as point
and line shapefiles is included in the supplementary material (Fig. S1).

2.4. Determining the environmental quality of Irish seagrass meadows

To evaluate the water quality in areas where Irish seagrass meadows
were present, we conducted an analysis to assess their exposure to
different levels of anthropogenic pressures. To accomplish this, the
water quality index provided by the Water Framework Directive (WFD)
of the European Environment Agency (EEA) [https://www.eea.europa.
eu/] was applied to classify water quality as HIGH, GOOD, MODER-
ATE, POOR, or VERY POOR. We then transformed the final polygon
shapefile of the seagrass distribution map, encompassing both

Excluded area

Known areas |

New areas

120

P e ) KilOMeters

Fig. 3. Updated map of seagrass distribution in Ireland based on previously published records (green) and newly discovered (purple) seagrass meadows based on the
spatial data obtained from implementing the described mapping approach. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 4. Final map of the distribution of Zostera marina (dark brown) and Z. noltei (orange) around the coast of Ireland, based on both literature records and the newly

mapped seagrass meadows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

previously documented and newly discovered meadows (Fig. 4), into a
polypoint shapefile, utilizing a 200-m cell grid. This yielded a total of
204 records, comprising 158 records of Z. marina and 46 of Z. noltei. We
superimposed the distribution points of marine seagrasses onto the
water quality map (Fig. S7), and by examining the number of seagrass
distribution points within each category, determined the percentage of
seagrass meadows exposed to different water quality levels.

3. Results
3.1. Literature review

We compiled data from 48 sources to create an updated map of
seagrass distribution, including meadow extents of “known areas”
(Table 1 and Fig. 3) based on records from the literature. We incorpo-
rated spatial data from 37 sources, resulting in a total area covered by
seagrass of 39.96 km?, of which 31.15 km? is attributed to Zostera marina
and 8.81 km? to Z. noltei.
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For the map with point and line shapefile datasets, we integrated
spatial information from 12 additionally sources, accounting for a total
412 seagrass occurrences (Table 1).

3.2. Integrated mapping approach

3.2.1. SDM

The performance of the SDM built for Zostera spp. reported a high
discriminatory capacity within an AUC value of 0.993 and a sensitivity
of 71 %. (Table S2). Model results indicate that, among the environ-
mental descriptors, fetch (39.5 %) and depth (35.7 %) were the most
important parameters explaining the distribution of the combined Zos-
tera spp., followed by distance from the coast (19.0 %) and mean tem-
perature (4.2 %). On the contrary, other environmental variables, such
as tidal velocity, slope, orientation, and sediment type, did not have a
significant importance in explaining the seagrass presence (Fig. S5). The
SDM predicted a habitat suitability of seagrass meadows of 365.6 km?
along the coast of Ireland (Fig. 2).

3.2.2. Field validations

Through in-situ snorkelling validations, we assessed 209 potential
seagrass locations identified from the implementation of the SDM and
satellite-derived images. Among these sites, seagrass presence was
confirmed in 185 locations, yielding a validation success rate of 88.5 %.
The newly documented seagrass meadows covered a total area of 14.88
km?, representing a 37.03 % increase in habitat distribution compared
to the previously 39.96 km? of meadows reported in the literature. The
newly documented meadows were predominantly represented by sub-
merged Z. marina meadows and, to a lesser extent, intertidal Z. marina
meadows belonging to the ecotype Z. marina angustifolia. Three new
Z. noltei meadows were verified (Figs. 3 and 4). Notably, our assessment
also incorporates two additional locations of subtidal Z. marina
meadows, one in the north of Ireland at Island Roy, Co. Donegal (deci-
mal coordinates: 55.196071, —7.792812) and the other in the southeast
at Kilkilleen Co. Cork (decimal coordinates: 51.519929, —9.421983),
where professional divers reported the presence and extent of the
meadow, albeit without our verification. These sites were included in
the final map of seagrass distribution. Additionally, we recorded a
substantial intertidal meadow of Ruppia sp. in Dunfanaghy Bay (0.02
km? decimal coordinates: 55.188, —7.975). It should be noted that
Ruppia spp. were not the particular focus of this study and only this
location was added.

3.2.3. Final updated map of Irish seagrasses

By merging spatial information of seagrass ecosystems from previous
records (of various sources, as outlined above) and the newly reported
meadows (confirmed by field surveys), we recorded an updated extent of
54.85 km? along the Irish coast. Of this, 10.2 km? correspond to inter-
tidal Z. noltei beds and 44.63 km? to subtidal Z. marina meadows.

3.3. Environmental quality of Irish seagrass meadows

Our results indicate that the majority of Z. marina meadows occurred
in environments categorized as ‘HIGH’ (61 %) or ‘GOOD’ (34 %) status
based on the Water Framework Directive-compliant assessment tool.
Only 5 % of the meadows are situated in environments categorized as
‘MODERATE’ (Fig. 5). Zostera noltei, predominantly situated in intertidal
areas within estuaries or the inner regions of bays, are located in envi-
ronments classified as ‘HIGH’ (4 %), ‘GOOD’ (26 %), ‘MODERATE’ (59
%), and ‘POOR’ (11 %). (Fig. 5).

4. Discussion
This study contributes towards addressing important knowledge

gaps regarding Irish seagrass ecosystems by creating an updated distri-
bution map of seagrasses, and by evaluating the environmental
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Fig. 5. Percentages of Zostera marina and Z. noltei distribution exposed to
distinct environmental conditions I based on the criteria outlined in the Water
Framework Directive (WFD) (https://environment.ec.europa.eu).

conditions, including anthropogenic pressures, in which meadows
occur. Our analysis has revealed extensive seagrass meadows along the
coast of Ireland comprising a significant proportion that were previously
undocumented, mostly represented by subtidal Z. marina meadows.
Most meadows occur in environments characterized by HIGH or GOOD
water quality. These new data support European and global efforts in
seagrass mapping and conservation (Unsworth et al., 2019; Griffiths
et al., 2020; Nordlund et al., 2024).

4.1. Documentation and mapping of seagrass habitats along the coast of
Ireland

Wilkes et al. (2017) published a comprehensive assessment of Irish
intertidal seagrass meadows (8.81 km? in Republic of Ireland), detailing
extent and annual distribution changes. However, a significant knowl-
edge gap remained regarding the overall spatial information on Irish
seagrasses, and in particular on subtidal meadows. To address this gap,
we implemented an integrated mapping approach based on the method
developed by Beca-Carretero et al. (2020a, 2020b). The first map we
created was based on previously fragmented records of seagrasses in
Ireland and includes reported spatial extent of seagrass meadows,
encompassing 39.96 km?, with 31.15 km?, corresponding to Z. marina
and 8.81 km? to Z. noltei. The compiled spatial information in polygons
highlighted the dispersed nature of the available sources, as several
existing maps overlapped, however without providing the total meadow
extent. It is noteworthy that although most records were gathered over
the past two decades (Table 1), some spatial information previously
published may have changed since first data were collected in 1969. The
second map integrates information from specific locations (polypoint
and polyline shapefiles), comprising 368 points of Zostera spp. records
(Table 2).

As part of the integrated mapping approach, the SDM demonstrated a
high predictive capacity for identifying suitable habitats for seagrasses
at aregional scale in Ireland, with a high discriminatory ability reflected
in AUC values of 0.993 and a sensitivity of 71 %. Fetch, defined as the
length of the sea surface over which a given wind has blown, represented
the most important factor explaining seagrass presence distribution
(39.5 %), as was previously documented for seagrasses ecosystems
elsewhere (Downie et al., 2013; Valle et al., 2014). This can be explained
by the fact that high hydrodynamic forces, such as fetch or wave
exposure, can reduce seagrass anchoring capacity to the sediment,
leading to unsuitable conditions for their presence (Fonseca et al.,
2019). Depth was the second most important variable (35.7 %) in
determining seagrass habitat suitability, which can be expected as light
energy is a key factor controlling photosynthetic processes, productivity,
growth, and population structure, and thus partially defines the vertical
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Table 2

Summary of the environmental descriptors including depth (m), orientation (°),
slope (°), distance to coast (m), tidal velocity (m s™1), fetch (m), mean tem-
perature (°C), soft sediment, hard sediment and mixed sediment of Zostera
marina and Z. noltei meadows in Ireland.

Zostera marina

Orientation Distance to

Depth (m) © Slope (°) coast (m)
Mean —-2.6 190.3 0.6 10
Maximum 0 358.2 2.2 301
Minimum —-12.2 0 0.05 0
Tidal
velocity (m Mean
s7h Fetch (m) temperature
Mean 15.9 467.6 11.1
Maximum  49.6 5068.7 121
Minimum 0.7 50.2 10.3
Soft Mixed Hard
sediment sediment sediment
Mean 0.8 0.1 0
Maximum 1 1 0
Minimum 0 0 0
Zostera noltei
Depth (m) 21)‘16ntat10n slope () ?;Zt;n(::)to
Mean —0.8 195.2 0.35 3.2
Maximum 0 348.7 3.5 75.1
Minimum -5.6 0 0.03 0
Tidal
velocity (m Mean
sfl) Fetch (m) temperature
Mean 4.2 1552.6 10.8
Maximum 23.1 3069 11.8
Minimum 0.4 406 9.9
Soft Mixed Hard
sediment sediment sediment
Mean 0.9 0.1 0
Maximum 1 1 0
Minimum 0 0 0

distribution limits of seagrasses (Schubert et al., 2015). In Ireland,
Z. marina meadows are commonly located at an average depth of 2.6 m,
although observations reveal depths of up to 12-13 m in Ventry Bay (Co.
Kerry) and the Connemara area (Co. Galway), placing them among the
deepest Z. marina populations in Europe (Beca-Carretero et al., 2020b;
Whelan and Cullinane, 1985). Some variables, such as sedimentological
parameters, were less significant in explaining the habitat suitability for
Zostera spp. than expected. This is likely because, for some areas data
were obtained through simulation, resulting in a somewhat higher de-
gree of uncertainty. Additionally, sediment composition can vary at
finer spatial scales than those captured by our data resolution, poten-
tially leading to a less accurate representation of its influence.

Our SDM indicated a potential habitat suitability of 365.6 km? for
seagrasses, which is higher than the estimates from recent studies based
on spatial models which suggested a potential Irish seagrass habitat
suitability of 165-255 km? (Beca-Carretero et al., 2020b; Hastings et al.,
2020). The area predicted by the SDM was also larger than the actual
seagrass distribution, likely because it did not account for limiting fac-
tors such as human impacts, species competition, or other environ-
mental, biological, or biochemical conditions. Thus, in our study, the
SDM serves as a broad indicator of potential habitat rather than an exact
map of current seagrass extent. Indeed, the SDM's primary strength is
predicting potential habitat suitability across a broad landscape, offer-
ing valuable guidance for prioritizing field assessments and refining
seagrass distribution knowledge. It helped optimize efforts by identi-
fying key areas of interest, providing crucial insights for field
assessments.

In the next step of our approach, we refined our spatial seagrass
predictions by comparing the SDM results with satellite-derived images.
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This visual comparison allowed identification and potential exclusion of
areas where the model predicted seagrass presence but the satellite
images did not, reducing the number of required field surveys. This
procedure was successfully employed to document and map new sea-
grass meadows at a local scale (Beca-Carretero et al., 2020b). Through
field surveys, we then identified and assessed over 200 new potential
meadow locations, achieving a success rate of 88.5 %. These newly
documented seagrass meadows covered an area of 14.88 km?, increasing
the documented seagrass distribution in Ireland by 37.03 %. Notably, we
anticipate that the actual distribution of seagrasses is probably signifi-
cantly more extensive, due to the remoteness and limited coastal
infrastructure available for accessing several areas where seagrass could
potentially thrive. The majority of the recently discovered locations
corresponded to subtidal Z. marina meadows (> 95 %), and to a lesser
extent of intertidal Z. marina and Z. noltei populations (4 locations).
Regarding the latter species, we documented and mapped two new
Zostera noltei meadows in Shannon Bay, in western Ireland. One of these
is among the largest Z. noltei meadows documented to date in Ireland,
with an extent of 1.03 km? (decimal coordinates: 52.576, —9.361). Our
mapping approach suggests that this bay has significant potential to host
larger seagrass meadows, adding to its potential ecological and conser-
vation value. Whilst outside the objectives of this study, we also denoted
one large intertidal meadow of Ruppia sp. in Dunfanaghy Bay, Co. Gal-
way (0.02 km?; decimal coordinates: 55.188, —7.975). We included this
particular location because of its unusual characteristics forming a large
monospecific meadow in an open, sandy bay directly exposed to
seawater flow without significant freshwater influence.

Most field surveys were conducted from March to October when
temperatures exceed 10 °C, and plant descriptors likely reach their peak
annual values (Wilkes et al., 2017; Beca-Carretero et al., 2019, 2024).
Consequently, there may be potential changes in meadow edges and
extension throughout the year, as temperate seagrass populations
exhibit slight seasonal variations in their structure (Dale et al., 2007).

By merging both the previously documented (based on published
literature), and the newly reported spatial information on seagrass
meadows, we were able to document a total seagrass distribution of
58.8 km? along the Irish coast. Z. marina was the most abundant species,
accounting for approximately 83 % (44.63 km?) of the mapped seagrass
meadows, and Z. noltei 17 % (10.2 km?). The extent of these seagrass
patches or meadows varies greatly, ranging from 1 m? to approximately
5 km? of Z marina in Horse Island (decimal coordinates: 52.256,
—9.972) and approximately 3 km? of Z. noltei in Tralee Bay (decimal
coordinates: 52.248, —9.811) (Fig. 6). Across many regions, intertidal
Z. marina meadows are present, likely represented by the ecotype
Z. marina var. angustifolia which forms monospecific or mixed meadows
with Z. noltei (Wilkes et al., 2017; Azcarate-Garcia et al., 2022; Beca-
Carretero et al., 2024). The majority of Irish seagrass meadows are
located in the western, northern and southern regions of Ireland where
the presence of bays, estuaries, or inlets creates favourable conditions
for them to thrive. By contrast, the Irish east coast exhibits a relatively
lower presence of seagrass meadows compared to other regions, likely
due to the prevalence of open and straight coastlines that are directly
exposed to high hydrodynamic forces. Specifically, this region is char-
acterized by intertidal Z. noltei or low intertidal to shallow subtidal
Z. marina angustifolia meadows in estuaries or bays such as in Dublin
Bay or the Boyne Estuary.

Our study demonstrates that a moderately rapid method can be
implemented to document and map large areas of seagrass at a regional
scale. It is important to note that implementing the proposed approach
requires generating maps of the potential habitat suitability of the target
species using spatial models such as SDMs and identifying the potential
presence of the target ecosystem using satellite images. This requires
relevant knowledge to interpret the characteristics of the nearshore
ecosystem in the region of interest.
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Fig. 6. Images of Zostera marina and Z. noltei from Irish locations. A Z. marina
meadow in Kilkieran Bay, western Ireland; B Z. marina in interaction with maérl
in Bertraghboy Bay; C Z. marina meadow in Kilkieran Bay; D and E Repro-
ductive shoots of Z. marina; F Z. noltei meadow at Fenit Island; G and H Z. noltei
meadow in Cromane and Bannow Bay; H reproductive shoot of Z. noltei.

4.2. State of conservation and vulnerability of Irish seagrass meadows

The outputs from this study are particularly significant as they allow
the capture of the areal extent of seagrass habitats, and the water quality
where seagrass drive, aiding the targeting of more critical meadows for
protection and creating a conservation strategy plan in a regional
context. This research represents one of the largest efforts to document
and map seagrasses in Europe, comparable to studies conducted in Spain
and the UK (Ruiz et al., 2015; Green et al., 2021). The latter study re-
ported a catastrophic loss of seagrass habitats over the last decades,
which was likely due to industrial and urban coastal development
(Green et al., 2021).

Our results indicate that most of the subtidal Z. marina meadows are
located in environments categorized as ‘HIGH’ (61 %) or ‘GOOD’ (34 %)
according to the Water Framework Directive-compliant assessment tool.
Only 5 % of these meadows are in environments categorized as ‘MOD-
ERATE’. The positive correlation between Z. marina occurrence and the
WEFD index suggests a healthy state for subtidal seagrass environments,
likely due to reduced anthropogenic pressures, land erosion, and mini-
mal nutrient or chemical runoff (Grilo et al., 2012; Bertelli et al., 2021;
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Beca-Carretero et al., 2019). By contrast, Z. noltei and some Z. marina
angustifolia meadows, primarily found in intertidal areas within estu-
aries or inner bays, show a broader distribution across environments
classified as ‘HIGH’ (4 %), ‘GOOD’ (26 %), ‘MODERATE’ (59 %), and
‘POOR’ (11 %). These outcomes align with previous observations of
intertidal Irish Zostera meadows (Wilkes et al., 2017). Some intertidal
seagrass meadows, located in estuarine waters along the eastern and
southern coasts of Ireland, are located in areas with ‘POOR’ environ-
mental conditions (EPA, 2022). This degradation is generally attributed
to agricultural activities and nutrient runoff, which lead to the over-
growth of opportunistic macroalgae and the potential deterioration of
these transitional habitats (EPA, 2022; Bermejo et al., 2019).

Across Europe, there are signs that seagrass recovery can occur
locally while in some areas substantial losses have been recorded (de los
Santos et al., 2019). In the absence of a robust dataset on historical Irish
seagrass distribution is it not possible to ascertain the extent of losses.
However, more recent losses are thought to have occurred, for example,
in Dungarvan, Co. Waterford, and Dublin Bay, mainly driven by physical
disturbance, nutrient run-off and blanketing by opportunistic green
algae (Madden et al., 1993; Wilkes et al., 2017). Other potential threats
to Irish seagrasses are invasive macroalgae Sargassum muticum or Gra-
cilaria vermiculophylla which can outcompete seagrasses for light, space
and resources (Tweedley et al., 2008; Hoffle et al., 2011; Mendoza-
Segura et al., 2023). Concerning the current scenario of climate change,
recent studies indicate some potential positive aspects for Irish seagrass
meadows, suggesting that predicted higher temperatures may increase
Z. marina productivity and an increased contribution to carbon fixation
(Beca-Carretero et al., 2021).

Seagrass conservation must be based on scientific evidence to
effectively support local management and societal needs. This study
provides valuable insights that enhance the ecological significance of
key areas along the Irish coast, which could significantly impact con-
servation and management efforts in these regions. This study aligns
with EU policies such as the Water Framework Directive and Biodiver-
sity Strategies, offering insights to support these frameworks and global
initiatives like the UN Convention on Biological Diversity (European
Commission, 2021; UN, 2021). Our models and updated spatial infor-
mation have the potential for various applications, supporting the
identification of areas for seagrass restoration or rehabilitation and thus
their implementation as nature-based solutions (NbS) (Kumar et al.,
2021). NbS can play a pivotal role in enhancing ecosystem services of
coastal ecosystems specifically since seagrass systems are essential for
carbon sequestration, promoting biodiversity, aiding in the restoration
of degraded habitats, and mitigating the effects of climatic change
(Kumar et al., 2021).

In conclusion, by updating records, establishing new distribution
maps for seagrasses in Ireland, alongside examining the degree of
anthropogenic influence to which seagrass meadows are exposed, this
study has addressed critical gaps in our knowledge of Irish seagrass
ecology (Wilkes et al., 2017; Beca-Carretero et al., 2020b; Cott et al.,
2021) and European (Nordlund et al., 2024). The updated spatial in-
formation reported in this study serves as a baseline for national and
international comparatives evaluations and assessments. Importantly,
mapping efforts to document undiscovered meadows and monitoring
potential changes in distribution (including losses) must continue in the
future. With these considerations in mind, a future goal should be to
develop a user-friendly map that is publically accessible and can be
updated by organizations, institutions, and citizens alike. This map will
serve as a valuable platform for integrating new spatial information
regarding seagrass meadows along the coast of Ireland.
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