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Executive Summary

Wetlands are crucial biodiversity hotspots that significantly contribute to important ecosystem services,
including global climate regulation, water purification and flood control and drought avoidance.
However, they are rapidly disappearing and degrading due to agricultural expansion, drainage and
pollution, as well as legacy effects of historical hydrological alterations and land use. To support the
EU's climate neutrality goal by 2050 and implementation of the Green Deal, the protection and
restoration of wetlands is imperative. The WET HORIZONS project aims to enhance the knowledge
base and understanding of European wetlands by improving state-of-the-art of wetland models
considering ecological and economic factors. Additionally, the project aims to develop digital tools that
will improve decision making for wetland restoration practitioners and to engage and work with end-
users agencies, including policy makers and regulators, in optimizing decision-making and wetland
restoration protocols.

As part of WET HORIZONS, we have extended the BioScore modelling framework, which is a
species-level biodiversity model of vascular plants in Europe. We have improved its ability to evaluate
and predict the impacts of various environmental pressures on wetland biodiversity. BioScore consists
of species distribution models (SDM) that estimates species distributions based on quantitative
relationships between species observations and environmental conditions. This model employs
species occurrence data and environmental variables to create an overall output that generates
species-specific maps based on probability of occurrence. In WET HORIZONS, we have improved
BioScore by adding species characteristic of wetlands, including vascular plants, mosses, lichens, and
birds guided by current data availability. We have incorporated environmental variables relevant for
wetland conditions, including groundwater table depth, moisture accumulation, inundation probability,
and the proportion of anthropogenic (human-dominated) land cover upstream of wetland sites.

This report describes the improved BioScore modelling framework and the methods used to calculate
potential distributions of wetland characteristics species for the current situation. The improved
BioScore model fitted SDMs for 210 vascular plant species, 55 mosses, 14 lichens and 35 bird
species characteristic of European wetlands. Mean temperature of the coldest month was the most
important factor controlling species distributions for all four groups. For vascular plants and birds, the
second most important factors were annual growing degree days and mean temperature of the
warmest month, respectively. This finding further reinforces the importance of temperature as the
overriding, most important control of wetland species composition in Europe. For moss and lichen
species, clay content in soil was also important. For plants and lichens, the most important
hydrological variable was groundwater table depth, while for birds the moisture accumulation was
important, followed by groundwater table depth and inundation probability. Additionally, the
proportions of agricultural area and broadleaved forests within the landscape were important variables
for bird species. By combining the species distributions calculated with BioScore, we revealed that in
the current situation the potential species richness of wetlands is highest in northern and central
Europe, particularly for mosses, lichens and birds. This reflects that most of the species modelled in
this study are predicted to have suitable environmental conditions and could potentially occur in
regions of northern and central Europe based on the set of environmental variables selected in this
study. The potential species richness maps highlight where environmental conditions might support
wetland species, offering a broad view of potential biodiversity across the continent. Though not
reflective of actual local species richness, these maps can guide the prioritization of areas for
conservation and restoration.

We acknowledge that SDMs in general and the BioScore modelling framework in particular are
simplifications and that predictions are associated with uncertainties. For example, the models do not
account for all environmental variables that determine species distributions or all ecological
interactions. Nevertheless, BioScore can facilitate broad-scale assessments of the impact of changes
in environmental variables, including changes induced by wetland-related management strategies, on
wetland biodiversity. The next steps will focus on validating the models and model outputs using data
collected from specific European wetlands (Task 4.3). This validation will involve comparing species
occurrence and environmental variable measurements from the field with the model input data and
predictions. Furthermore, scenarios will be developed to explore the outcomes of various wetland
management strategies under potential future climate change conditions (Task 4.4). These scenarios
will describe how management strategies change the environmental conditions. We will generate new
spatially explicit predictions of species distributions based on these altered conditions and compare
them with the model outputs corresponding with the current conditions. This approach can enhance
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our understanding of what could be the effects and benefits of different management strategies in
wetlands, including large-scale rewetting and restoration of wetlands.
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1 Introduction
1.1 Background

Wetlands are critical biodiversity hotspots that also offer other essential ecosystem services, including
flood protection, drought mitigation and carbon sequestration and storage (Janse et al., 2019; Zedler &
Kercher, 2005). Covering approximately 5-8% of the global land surface, wetlands account for 20-30%
of the world's soil carbon pool (Salimi et al., 2021). Despite their importance, wetlands face
disproportionate threats from escalating human pressures. Vast wetland areas have been drained and
transformed into arable land to meet the food and land requirements of the increasing global
population (Fluet-Chouinard et al., 2023). Since 1700, an estimated 3.4 million kmz2 of inland wetlands,
representing 21% of the world's wetlands, have been lost primarily due to conversion to cropland
(Fluet-Chouinard et al., 2023). Ongoing losses and degradation are anticipated as agricultural
expansion and changes in hydrological conditions, driven by climate change and human activities,
continue to impact these ecosystems (Janse et al., 2019; Salimi et al., 2021). In Europe, countries like
the Netherlands, Germany and Italy have lost more than 70% of their wetlands since 1700
(Verhoeven, 2014) .

Wetlands ecosystems provide habitat for 40% of the world's species (Kundu et al., 2024). They also
provide water, food, and protection from floods, droughts and storms for over 1 billion people (Kundu
et al., 2024; Wetlands International). Additionally, wetlands are used as stopovers by many migratory
bird species. Much of the biodiversity in wetlands is unique. In the temperate zone of Eurasia, many
plants and animals occur exclusively in peatlands i.e., wetlands on organic soils for e.g., habitat for
many threatened species, including common crane (Grus grus) and spotted crake (Porzana porzana).
Moreover, the British lineage of swallowtails (Papilio machaon britannicus), one of the UK's rarest and
most spectacular butterflies, is currently only found in the fens of the Norfolk Broads. Mires are often
the last refuges for many rare and threatened species, such as the aquatic warbler ( Acrocephalus
paludicola) and shoebill (Balaeniceps rex). Peatlands are also characterized by various specialist
species including plants, specific birds, small and large mammals, insects, soil invertebrates, fungi and
bacteria (Heinrich-Bdll-Stiftung et al., 2023). Key wetland species (wetland specific species) receive
attention because these species often shape wetland habitats and can determine wetland
biogeochemical cycles that feedback on wetland functioning and wetland biodiversity. In the past 50
years, significant wetland biodiversity loss has occurred, with an estimated 81% decline in plant and
animal species in inland wetlands and a 36% decline in coastal and marine wetlands (Heinrich-Boll-
Stiftung et al., 2023).

Policymakers, scientists, and conservationists stress the urgent need to halt wetland loss and protect
their unique biodiversity (Janse et al., 2019). Despite previous wetland restoration efforts, however,
significant knowledge gaps persist concerning the responses of wetlands to human threats and
restoration actions. Enhanced understanding is crucial for identifying decisive actions that fast-track
restoration while mitigating potential trade-offs. The WET HORIZONS project (2022-2026) aims to
provide improved decision support tools and identify best practices for policymakers, enabling them to
implement targeted restoration actions, improve biodiversity values and achieve climate neutrality
goals.

1.2 Aim and scope

As part of WET HORIZONS, we aimed to improve the BioScore model, a species-level biodiversity
model for Europe, to provide European-wide spatially explicit estimates of wetland biodiversity for the
current situation (baseline). BioScore is a general species distribution modelling (SDM) framework that
assesses the impact of environment and its potential changes on the distributions of species in
Europe. Here, we tailored BioScore specifically to wetland biodiversity. To that end, we extended the
model to a selection of key wetland species, specifically mosses, lichens and birds. We also added
environmental variables that influence their occurrence in wetlands, specifically groundwater level,
indicators of moisture accumulation and inundation probability, the proportion of anthropogenic land
cover upstream of each wetland site and the land use and land cover proportion in a landscape. With
the improved and extended model, we calculated the potential species richness of wetlands in Europe
for the current situation (1990-2018).

The aim of this report (deliverable D4.2) is to describe the methodology employed in expanding
BioScore and to show the spatially explicit model output. The expanded BioScore model and its output
will be validated in task 4.3 based on empirical data collected from various wetland sites across
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Europe. Further, the new BioScore will also be used to perform impact assessment of the various
restoration and management on wetland biodiversity to understand any trade-offs associated with
these strategies. Results from both of these tasks will be part of the subsequent deliverables D4.3 and
D4.4.

1.3 Outline of the report

In this report we describe the BioScore methodology as applied to establish SDMs for wetland-
characteristic vascular plants, mosses, lichens, and birds (Chapter 2). We explain the species
selection criteria and sources of occurrence data, followed by an explanation of the environmental
variables. The report then describes how the SDMs were fitted and evaluated. In Chapter 3, results
are presented by taxonomic group, and include an evaluation of model performance, and the
importance of the environmental variables in the model fit and species richness maps. In Chapter 4,
we interpret the results, considering implications for Tasks 4.3 and 4.4, where the improved BioScore
model will be validated and applied to evaluate the biodiversity outcomes of alternative wetland
management strategies under possible future climate scenarios. The report concludes with key
findings and future research recommendations.
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2 Methodology

2.1 Species selection

2.1.1 Vascular plants, mosses and lichens

For vascular plants and mosses (jointly termed ‘plants’ from here on) and for lichens, we selected
species characteristic of specific wetland habitat types as defined by the most recent EUNIS
classification (Chytry et al., 2020). We selected species from a broad range of wetland habitats as
defined by EUNIS: Q1 - raised and blanket bogs, Q2 - valley mires, poor fens and transition mires, Q3
- palsa and polygon mires, Q4 - base-rich fens and calcareous spring mires, Q5 - helophyte beds, and
Q6 - periodically exposed shores (Chytry et al., 2021). We excluded species from saline habitats
(Q54; Q63) due to lack of environmental data that can represent saline conditions. This selection
resulted in 404 species, comprising 277 vascular plants, 87 mosses and 40 lichens. We treated all
species aggregates as individual species.

2.1.2. Birds

We selected wetland bird species based on the habitat use of European breeding birds as
documented by the SOVON Dutch Centre for Field Ornithology (van Kleunen and Foppen, 2013). This
source describes the use of various habitat types, classified according to the EUNIS habitat type
classification, by bird species. We selected all bird species which use wetland habitat types as their
primary habitats for nesting and/or foraging, based on earlier EUNIS classification D (Mires, Bogs and
Fens) , which represents wetlands (Davies et al., 2004; Moss, 2008). This produced a list of 53 bird
species.

2.2 Observation selection

2.2.1. Vascular plants, mosses and lichens

We retrieved presence-absence records of vascular plants, mosses and lichens from 1,652,563
vegetation plots from the European Vegetation Archive (EVA) (Chytry et al., 2016). We selected plots
by excluding those recorded before 1990, those with spatial uncertainty greater than 1 km, and those
with missing environmental variables (see section 2.3), following Hellegers et al. (2020). We also
excluded plots classified as marine habitats (MA), inland waters (P), and vegetated man-made
habitats (V) based on the EUNIS habitat classification (Chytry et al., 2020). This process left 533,254
vegetation plots; about 32% of the original EVA dataset.

2.2.2 Birds

We collected bird presence-absence observations at a 50 km resolution from the European Breeding
Bird Atlas 2 from the European Bird Census Council (EBCC) from years 2013-2017 (Milanesi et al.,
2021). We selected grid cells based on overlap with the extent of the environmental variables (see
section 2.3.2). This left 4,212 out of total 5,303 grid cells for fitting the SDMs.

2.3 Environmental variables

2.3.1 Vascular plants, mosses and lichens

For plants and lichens, we selected a set of environmental variables covering climate, soil physical
characteristics, hydrology and anthropogenic influence. We selected four climate variables which are
known to physiologically limit species distributions in Europe by imposing energy or water deficiency
(Aradjo et al., 2011; Whittaker et al., 2006). These included mean temperature of the coldest month,
total annual precipitation, annual growing degree days and annual water balance. We calculated the
annual growing degree days as the sum of monthly temperatures above 5°C (Hellegers et al. 2020).
We calculated annual water balance as the sum of the monthly differences in precipitation and
potential evapotranspiration (PET). We calculated PET per month as (Lugo et al., 1999):

PETm =0 if Tm < 0°C 1)
PETm=58.93 - Tm if 0°C < Tm < 30°C )
PETm=5893-30  if Tm=30°C 3)

where PETm is the monthly potential evapotranspiration (mm) and Tm is the monthly mean
temperature (°C). We quantified all climatic variables as average values over the period 1990-2018,
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based on monthly precipitation and temperature originating from the CHELSA data set version 2.1
(Karger et al., 2017).

For hydrology, we selected three variables representing water level, moisture accumulation and
inundation probability, specifically groundwater table depth (GWTD), topographic wetness index (TWI)
and water and wetness probability index (WWPI). We obtained the GWTD from Fan et al. (2013) and
the TWI from Marthews et al. (2015). TWI is based on the local downstream slope of a grid cell and its
upstream catchment area (Marthews et al., 2015). It is an indicator of the tendency of a site to
accumulate water given its topographic position. We obtained the WWPI from the Copernicus land
monitoring service over the years 2009-2015 (European Environment Agency, 2020). This index
specifies the number of times that a grid cell is inundated or wet relative to the total number of valid
observations, as follows:

WWPI = (nwater + 0.75*nwet)/nt0tal * 100 (4)

Where nwater represents the number of water occurrences, nwet represents the number of wet
occurrences, and nwtal represents the total number of water, wet and dry occurrences.

We collected soil physical characteristics data from the SoilGrids dataset (Hengl et al., 2017). These
included clay content, soil pH, volume of coarse fragments, silt content, organic carbon content, cation
exchange capacity of soil, sand content and bulk density. We selected the values from the top 5 cm of
the soll, as this is most relevant for initial establishment and growth of plants. We also included
saltwater influence, nitrogen deposition and anthropogenic (human-induced pressures) land cover in
the area upstream of each wetland site; the last two variables are an indicator of human-induced
pressures (especially nutrient enrichment) on the ecosystems. We calculated the saltwater influence
as a binary variable (0 or 1) reflecting whether a site is within 3 km from the nearest coastline (Du &
Hesp, 2020). We obtained atmospheric nitrogen deposition from (Fagerli et al., 2019). We calculated
the upstream anthropogenic land cover using the TauDEM tool from ArcGIS (v.10.8.1) and a EUNIS
land cover map from Coordination Centre for Effects (CCE) (Gebhardt, 2023). First, we created
separate layers of arable and urban land cover by selecting all EUNIS habitat types of class V1 at
level 2, i.e., arable land and market gardens, and of class J at level 1, i.e., constructed, industrial and
other artificial habitats, respectively. We then resampled these two layers to 30 arc seconds to match
the spatial resolution of the catchment boundary layer from HydroSHEDS (Wickel et al., 2007), and
plugged the layers into the AreaD8 tool of the TauDEM function in order to sum the anthropogenic
land cover area in the upstream catchment of each grid cell.

We resampled all the environmental variables for the plants and lichens to a 1 km resolution in a
ETRS89 Lambert Azimuthal Equal-Area coordinate system.

Table 1: Environmental variables used to fit SDMs for wetland-characteristic vascular plant, moss and
lichen species. The spatial resolution is the initial spatial resolution the data was collected at, before
reprojection.

Environmental

. Short name Unit Source Spatial resolution Reference
variable
Climate
Minimum
temperature of MinTemp °C Chelsa 30 arc sec
coldest month
Totalannual Precipitation mm Chelsa 30 arc sec

precipitation Karger et al. (2017)

Annual growing

TempSum °C Chelsa 30 arc sec
degree days
Water balance WB mm Chelsa 30 arc sec
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Hydrology
Groundwater Fan et al.
table depth GWTD m (2013) 30 arc sec Fan et al. (2013)
Water and .
wetness Copermcgs ) European Environment
o WWPI % land monitoring 10x10m
probability . Agency (2020)
! service
index
Topographlc TWI dimensionless  this study 1km Marthews et al. (2015)
wetness index
Anthropogenic pressures
Atmospheric
nitrogen Ndp mg m2 EMEP 0.1 degree Fagerli et al. (2019)

deposition

Anthropogenic

land cover in Gebhardt (2023); Wickel

5 .
upstream ALC km this study 1 km etal. (2007)
catchment

Others
Salt water Salt Yes/No this study 1 km As calculated in Du and

affected area Hesp (2020)

Soil physical characteristics

Clay content Clay weight % Soil grids 1 km
Soil pH*x 10 in -
H20 pH pH Soil grids 1 km
Volume of
coarse Coarse volumetric % Soil grids 1km
fragments

Hengl et al. (2017)
Silt content Silt weight %  Soil grids 1 km
Organic carbon o L
content Carbon g kg Soil grids 1km
Cation
exchange CEC cmolc kg Soil grids 1km

capacity of sail
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Sand content Sand weight % Soil grids 1km
Bulk density Bulk kg m= Soil grids 1km
2.3.2 Birds

For birds we selected the same climate and hydrology variables as for plants and lichens (minimum
temperature of the coldest month, total annual precipitation, annual growing degree days, annual
water balance, groundwater table depth, topographic wetness index and water and wetness
probability index). For birds we also included the annual mean temperature and maximum
temperature of the warmest month obtained from CHELSA (Table 2). We obtained the input data for
all these variables as for the plants and lichens, at a 1 km resolution (see section 2.3.1), and then
calculated a mean value for each environmental variable for each 50x50km grid cell in the EBBA
database (see section 2.2.2), using the zonal function from Spatial Analyst tool in ArGIS (V10.8).

We further included distance to the sea, because various studies show that presence of some bird
species may decrease with increasing distance to open sea, whereas others may increase
(Alisauskas et al., 2022; Hawkshaw et al., 2021; Nord & Forslund, 2015). We calculated distance to
the sea based on the centroid of each grid cell using the st_centroid() function from the sf package (
V1.0-16; Pebesma (2018)) in R. Then we calculated the distance of the centroid from the coastline
using st_distance () function from the sf package. We obtained the European coastline data from the
European Environmental Agency (European Environment Agency, 2017).

Finally, we included land cover variables as proportions of 11 main land cover types in each 50 km
grid cell, because habitat structure and heterogeneity are important drivers of bird species richness
and density (Fartmann et al., 2022; Panda et al., 2021). We used the 1 km resolution Corine land
cover (CLC) map from 2018 (Copernicus Land Monitoring Service, 2018) and distinguished the
following classes: Artificial surfaces (111-142), Agricultural land (211-244), Broad leaved forest (311),
Coniferous forest (312), Mixed forest (313), Natural grassland (321), Sparsely vegetated areas (331-
335), Freshwater wetlands (411,412), Saline wetlands (421-423), Freshwater bodies (511,512) and
Saline waterbodies (521-523). We first created a raster for each land cover type using the extract by
attribute function in the Spatial analyst tool in ArcGIS (V10.8). We then calculated the area of each
land cover type in each grid cell using the tabulate area function from the Spatial analyst tool in
ArcGIS. We converted the areas to proportions based on the total area of the grid cell. The extent of
the CLC map of 2018 did not cover all the grid cells, hence, we used the pan-European Corine land
cover map of the year 2000 to extract missing values.

We resampled all the environmental variables for birds to a 50 km resolution in a ETRS89 Lambert
Azimuthal Equal-Area coordinate system. We matched the extent of all the environmental variables to
the extent of WWPI, since it was the variable with smallest extent.

Table 2: Environmental variables used to fit SDMs for wetland-characteristic birds species. The spatial
resolution is the initial spatial resolution the data was collected at, before reprojection.

Environmental

. Short name Unit Source Spatial resolution Reference
variable
Climate
Maximum
temperature of MaxTemp °C  Chelsa 30 arc sec

the warmest
month

Karger et al. (2017)
Annual mean

Tann °C  Chelsa 30 arc sec
temperature
Minimum
temperature of MinTemp °C  Chelsa 30 arc sec
coldest month
Funded by
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Tota_l a_mn_ual Precipitation mm  Chelsa 30 arc sec
precipitation
Annual growing TempSum °C  Chelsa 30 arc sec
degree days
Water balance WB mm  Chelsa 30 arc sec
Geography
Distance to European
. DistCoast m This study 100m Environment Agency
coastline (2017)
Hydrology
Groundwater Fan et al.
table depth GWTD m (2013) 30 arc sec Fan et al. (2013)
Water and Copernicus
wetness land . European
o WWPI % N 10x10m Environment Agency
probability monitoring (2020)
index (WWPI) service
Topographic dimen . Marthews et al.
wetness index Twi sionless this study 1 km (2015)
Land use and Land cover
Copernicus
Artificial Arti m? Iand_ _ 100m
surfaces monitoring
service
Copernicus
Agricultural Agri m? Iand_ _ 100m
areas monitoring
service
Copernicus
Broad leaved Broad m2 Iand_ _ 100m
forest monitoring
service
Copernicus
Coniferous . land . European
Coni m? o 100m Environment Agency
forest monitoring
. (2019)
service
Copernicus
. . 5 land
Mixed forest Mixed m N 100m
monitoring
service
Copernicus
Natural Grass m? land 100m
grasslands monitoring
service
Copernicus
Fresh water Freshwet m2 Iand_ _ 100m
wetlands monitoring
service
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Copernicus
Saline wetlands Salinewet m? Iand. . 100m
monitoring

service

Copernicus
Sparse m?2 land 100m
monitoring

service

Sparsely
vegetated area

Copernicus
Freshwatgr Freshbod  m? Iand. . 100m
water bodies monitoring

service

Copernicus
saline water salinebod ~ m? and 100m
bodies monitoring

service

2.3.3 Collinearity analysis

We conducted a variance inflation factor (VIF) analysis on the environmental variables using the VIF
function from the 'usdm' package (Babak et al., 2014) to identify any potential collinearity between the
variables. We removed variables with a VIF value above 10 (Chatterjee & Hadi, 2015). For plants and
lichens, the VIF analysis resulted in exclusion of sand content, bulk density, and water balance,
leaving 15 environmental variables for the model fitting. For birds, the VIF analysis resulted in
exclusion of three variables, namely annual water balance, annual mean temperature and annual
growing degree days, leaving 19 environmental variables for the model fitting. All the analysis was
performed in R (version 4.4.1) (R Core Team, 2018).

2.4 Fitting and projecting SDM
2.4.1 Presence and absence/background records

For each species we fitted an SDM using the presence records as the response variable and the
environmental variables as predictor variables. For plants and lichens, to mitigate spatial bias and
avoid pseudo-replication, we employed a random sampling method, choosing a single vegetation plot
within each 1 km grid cell where the species was detected. For birds, we used all grid cells where a
species was recorded as presence location. We obtained absence or background points from the
vegetation plots or EBBA2 cells where a species was not recorded. For plants and lichens, we
selected one vegetation plot within each 1 km grid cell where the species was not recorded. For birds,
we used all cells where a species was not recorded as absence or background locations.

2.4.2 Model calibration and performance

To account for model uncertainty, we developed an ensemble modelling approach using the
BIOMOD2 package (version. 3.3-7) with default settings (Thuiller et al., 2016), employing Generalized
linear models (GLM), Generalized additive models (GAM), and Boosted regression trees (BRT). For
plants and lichens, to manage the large number of vegetation plots, we randomly selected a subset of
plots where the species was absent. We selected 10,000 pseudo-absence or background plots for
GAM and GLM, and 1,000 for BRT (Barbet-Massin et al., 2012a)

We fitted the models with a random selection of 80% of the data. We used the remaining 20% for
cross validation to assess the ability of the models to predict species occurrence with the True Skill
Statistic (TSS) and the Area under the Receiver Operating Characteristic Curve (AUC) (Allouche et
al., 2006). Both TSS and AUC are measures for model’s ability to discriminate between presence and
absence of species. AUC ranges from 0-1, where 1 is perfect discrimination, and < 0.5 denotes that
the model performs worse than random guessing. TSS ranges from -1 to +1 with 1 representing
perfect discrimination and 0 representing a model not better than random. We fitted models only for
plant species with at least 94 recorded occurrences and bird species with at least 69 records,
guaranteeing a minimum of five presence points per environmental variable for model calibration. This
selection left a total of 282 plants and lichens (211 vascular plants, 56 mosses and 15 lichens) and 38
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for birds. After fitting the individual models, we created an ensemble model for each species using
100% of the data, where each modelling technique was weighted based on its cross-validated TSS
value. This ensemble model was constructed by performing weighted averaging of predictions
obtained from the SDMs fitted with the three different algorithms. After discarding three plants and
lichen species and three bird species with non-converging models, we selected ensemble models with
TSS =2 0.3 and AUC = 0.7 for further analysis. We obtained ensemble AUC and TSS as weighted
cross-validated mean AUC and TSS values of individual models across all three algorithms (GLM,
GAM and BRT).

2.4.3 Variable importance

Using the ensemble SDMs, we calculated a variable importance value for each environmental variable
and each species by averaging the importance values obtained from individual modelling techniques,
using the ‘get_variables_importance’ function from the BIOMOD?2 package (ver. 3.3 - 7) (Thuiller et
al., 2016), weighted by cross-validated TSS values for each model.

2.4.4 Projections and species richness maps

We projected the output from the models fitted based on 100% of the data for all three algorithms
(GLM, GAM and BRT) over Europe to create maps with the probability of occurrence (PoO) per
species under current conditions (1990-2018). We used the ‘BIOMOD _Projection’ function from the
BIOMOD2 package (ver. 3.3=7) (Thuiller et al., 2016). We then created ensemble projections as
weighted mean predictions across the three algorithms, using the cross-validated TSS values as
weight (see section 2.4.2). This resulted in species-specific ensemble PoO maps. Further, for each of
the four modelled species groups, we established a species richness map by first stacking the PoO
maps (Dubuis et al., 2011), and then dividing the summed PoO by total number of species per group.
We plotted the species richness maps using ggplot2 (Version 3.5.1, Wickham (2016)) in R.
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3 Results

3.1 Model performance

In general, the SDMs performed well (Table S1). We fitted a total of 314 SDMs: 210 vascular plants,
55 mosses, 14 lichens and 35 bird species (Table S2). We found the highest model performance to be
for lichens (n = 14), with median ensemble AUC and TSS values of 0.98 and 0.90 and ranges of 0.93-
0.99 and 0.72-0.99, respectively (Figure 1, Table S1). Model performance was lower for the birds
species (n = 35, median AUC and TSS values of 0.96 and 0.83, respectively) followed by the moss
species (n = 55, median AUC and TSS values of 0.92 and 0.73, respectively) and the vascular plants
(n =210, median AUC and TSS values of 0.90 and 0.66, respectively).

1.01 1.0 1
I
2 _ w
< 09 =
o) o)
o e}
: :
@ £ 0.61
| . 1|
0.81 '
0.4 -
Vascular plant Moss Lichen Birds Vascular plant Moss Lichen Birds
Group of species Group of species

E3 Vascular plant 8 Moss E3 Lichen Bl Birds

Figure 1: Boxplots of the cross-validated area under the receiver-operating characteristic curve (AUC)
and true skill statistic (TSS) of the models fitted for the four different species groups i.e., vascular
plants (n = 210), mosses (n = 55), lichens (n = 14) and birds (n = 35) species. The boxes show the
medians, the 25 and 75 percentiles and the whiskers represent 1.5 times the inter-quartile distance.

3.2 Variable importance

3.2.1 Vascular plants, mosses and lichens

For all three taxonomic groups, the most important environmental variable was the minimum
temperature of the coldest month, according to the median variable importance value (Figure 2). The
second most important variable varied across three groups, being annual growing degree days for
vascular plants, and clay content for mosses and lichens. Groundwater table depth was an important
variable for the vascular plants and lichens but had a lower importance for the mosses. Precipitation
was important for vascular plant and mosses, but less important for lichens. Additionally, most of the
soil variables were identified as important determinants for the distribution of lichen species. Finally,
atmospheric nitrogen deposition also was an important variable for the vascular plants and lichens.

3.2.2 Birds

The minimum temperature of the coldest month was the most important determinant for birds, followed
by maximum temperature of the warmest month. All three hydrological variables were important
determinants, with the highest variable importance value for moisture accumulation (TWI), followed by
GWTD and inundation probability (WWPI). Among the land cover variables, artificial surfaces, sparse
vegetation and freshwater wetlands had the highest median importance. However, land cover
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variables were generally of minor importance overall. Distance to coastline was also an important
determinant.
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Figure 2: Variable importance of all variables used to fit the species distribution models (SDMs) for the
four species groups. The boxes show the medians, the 25 and 75 percentiles and the whiskers
represent 1.5 times the inter-quartile distance. The abbreviations for the variables can be found in
Table 1 and Table 2.

3.3 Probability of occurrence maps

Species distribution models from BioScore generate outputs that can be translated into probability of
occurrence maps. In the maps, higher values indicate a greater likelihood of a species being present,
based on selected environmental conditions. It's important to note that these maps do not show the
actual presence of a species but rather its potential distribution or areas where the species could
potentially occur (Figure 3).
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Figure 3: A typical output obtained from BioScore modelling framework shown as map of probability of
occurrence. The maps show probability of occurrence for a typical wetland species namely a)
Common reed (Phragmites australis), b) Feathery bog moss (Sphagnum cuspidatum), c) Reindeer
lichen (Cladonia rangiferina) and d) Common snipe (Gallinago Gallinago). The probability of
occurrence ranges from 0 to 1, with 1 representing the highest likelihood of occurrence and O
representing the lowest likelihood, depending on the environmental conditions analysed in this study.

3.4 Potential species richness patterns

Potential species richness maps showed mostly high values in northern and central Europe,
particularly for mosses, lichens and birds and to a lesser extent also for vascular plants. This reflects
that in these regions the environmental conditions are most suitable for the set of species modelled.
The environmental conditions are limited to the environmental variables selected as predictor
variables, hence the maps do not represent a complete picture of the environmental conditions in
these regions. This implies that the maps represent potential rather than actual relative species
richness.
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Figure 4: Relative species richness maps of a) vascular plants (210), b) mosses (55), c) lichens (14)
and d) birds (35) characteristic of wetlands across Europe. Relative species richness values were
obtained by dividing the sum of the probabilities of occurrence over the species by the total number of
species, resulting in values on a scale 0-1.
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4 Discussion

In this deliverable, we have expanded the BioScore model by fitting SDMs for wetland-characteristic
species of mosses, lichens and bhirds, in addition to the existing SDMs for vascular plants. We included
species characteristics of all types of freshwater mineral wetlands and peatlands as classified by the
EUNIS habitat type classification. We further included additional variables to represent the unique
conditions governed by the hydrology in wetlands, namely groundwater table depth, inundation
probability represented by the water and wetness probability index, and propensity to moisture
accumulation as represented by the topographic wetness index. We further improved the model by
including land-cover variables. While we had planned to expand BioScore also to arthropods, this
became unfeasible due to limited data availability. We also note that we could not include
environmental variables representing nutrient concentrations, biomass use/paludiculture, herbivory
and hazards (fire, erosion) due to limited data availability at European scale. However, we were able
to include nutrient inputs as a pressure variable based on catchment land cover and atmospheric
nitrogen deposition, and this is arguably a better indicator of future nutrient status due to human
activities.

The new SDMs fitted using the BioScore framework are moderate to good in predicting the
distributions of wetland species in Europe. For 296 out of the initial list of 457 species, we obtained an
ensemble SDM with cross-validated TSS>0.4 and cross-validated AUC>0.7. AUC and TSS are
frequently used metrics for model performance (Allouche et al., 2006). AUC and TSS both have a
maximum value of 1, which indicates perfect discrimination of presence and absence, while AUC of
0.5 and TSS of 0 indicate that the model is no better than randomly deciding on presence or absence.
Therefore, TSS>0.4 and AUC>0.7 indicate moderate to good model performance.

We observed that climate variables are important for all four groups, with minimum temperature of the
coldest month as the most important variable. For lichens, clay content in soil is similarly important as
minimum temperature of the coldest month. These findings are in line with previous research showing
that wetland plants are sensitive to climate conditions (Capon et al., 2013; Junk et al., 2012; Chen et
al., 2022). The relatively high variable importance of the climate variables, GWTD for plants and
lichens and all hydrological variables for birds indicates that these variables can be used for scenario
analysis, allowing us to predict the potential response of the species to changes in these variables.
For example, response of the species to rewetting management strategies can be predicted based on
the response of the species to GWTD. Additionally, we can assess potential climate-change induced
changes in species distributions.

We further showed that BioScore can produce potential species richness maps, which can serve as
valuable inputs for conservation and restoration efforts. These potential species richness maps give
an indication on the number of wetland species for which the environmental variables included in the
model are suitable and, thus, on the number of species which could potentially occur there. The
species richness maps do not represent actual local species richness, as BioScore does not include
all site-specific conditions relevant for species occurrence. However, the maps provide insights into
the spatial patterns of potential wetland biodiversity at continental level. The species richness maps
included in this report show clear gradients of the potential species richness of particularly mosses,
lichens and birds. Combined with a map of wetlands (Figure S2) and empirical data, the maps can be
used to support the identification of areas which can be prioritised for data collection, restoration or
conservation.

We plan to validate the model output through comparison with empirical data collected from wetlands
sites within WET HORIZONS (Task 4.3) as well as independent publicly accessible datasets of
species observations (e.g. GBIF). We will further validate modelled species response to environmental
variables using independent data on species realized niches (Hellegers et al. 2020). This will help us
to identify variables which not only are important determinants of the species distributions but also
have ecologically realistic modelled species responses. The validation will be performed within Task
4.3 and the results will be presented and discussed in deliverable 4.3. Additionally, Task 4.4 will use
the expanded BioScore model to perform impact assessment of various restoration and management
strategies on wetland biodiversity. This will allow us to predict the potential species responses to
possible management strategies and understand any trade-offs that might occur, thus supporting an
efficient and effective implementation and formulation of wetland management.
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5 Concluding remarks

High-level correlative modelling, where the results depend on the completeness, quality and resolution
of the input data, will always have some limitations as predictive models. Nevertheless, SDMs are very
useful for identifying areas for conservation and restoration effort prioritisation, especially with limited
resource availability. Our results indicate several critical directions for the continuing work in Wet
Horizons. Firstly, the expanded BioScore provides insights in the potential distributions of wetland-
characteristic species under current environmental conditions (1990-2018) across Europe. These
outputs will be validated with empirical data collected from European sites (Task 4.3). Subsequently,
the modelling framework can be used to assess the impacts of management strategies on wetland
biodiversity through scenario analysis (Task 4.4). Secondly, the insights on species response to
environmental conditions can inform the development of scenarios to represent management
strategies, ensuring that the strategies target factors governing the occurrence of the species. Thirdly,
the predicted potential species richness maps can help guide the identification of priority areas for
conservation and restoration efforts. It is important to keep in mind that although these maps do not
represent actual species richness, used as a complementary tool, they can help to quantify and
explore the effects of restoration and conservation.

A comprehensive and large-scale restoration of wetlands requires significant public investments and
often entails making challenging decisions. Such decisions are not made lightly, as they must balance
economic, environmental, and social considerations. To fully appreciate the benefits and gain public
support for potentially unpopular measures, it is crucial to demonstrate and illustrate the impacts of
wetland restoration on a European scale. The enhanced BioScore model can provide detailed,
spatially explicit predictions of species distributions across Europe, eventually allowing policymakers
to understand the ecological impact of wetland restoration. By visualizing how different species benefit
from restored habitats, policymakers can make more informed decisions based on scientific evidence.
The enhanced BioScore modelling framework can guide the development of targeted policies by
identifying priority areas for wetland restoration. This ensures that resources are allocated effectively
to regions where restoration efforts will have the greatest impact, thereby maximizing ecological
returns.
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Figure S1: Map of occurrence points for 4 taxonomic groups: vascular plants, mosses, lichens and
birds. The points represent the occurrence of one or more species in the given coordinate.
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Figure S2: Relative species richness maps of taxonomic groups: vascular plants, mosses, lichens and
birds cropped to the wetlands (fresh and salt water) from Corine land use cover (levell classification:
411-423). These are not representations of actual wetlands but a representation of wetlands based on
Corine land cover data 2018. Blue colour represents cells which have NA values for occurrence as
well as for wetlands.

Table S1: Results AUC, TSS with number of species per taxonomic group

jaxon N Metric Minimum Median Maximum
group
Vascular 10 AUC 0.73 0.90 0.99
plants TSS 0.34 0.66 0.99
AUC 0.78 0.92 0.99
Mosses 55
TSS 0.42 0.73 0.99
AUC 0.93 0.98 0.99
Lichens 14
TSS 0.72 0.90 0.99
AUC 0.80 0.96 0.99
Birds 35
TSS 0.46 0.83 0.96
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Vascular plant species

Moss species

Lichen species

Bird species

Achillea millefolium aggr.
Acorus calamus

Agrostis canina

Agrostis stolonifera

Alchemilla glabra

Alisma plantago-aquatica
Allium schoenoprasum
Alopecurus aequalis
Andromeda polifolia

Angelica sylvestris
Anthoxanthum odoratum
aggr.

Arctostaphylos alpinus

Atriplex prostrata
Bartsia alpina
Bellidiastrum michelii

Bellis annua
Berula erecta

Betula nana

Betula pubescens

Bistorta vivipara
Blysmus compressus

Briza media

Bruckenthalia spiculifolia
Calamagrostis canescens
Callitriche palustris
Calluna vulgaris

Caltha palustris
Calystegia sepium
Cardamine acris

Cardamine pratensis

Cardamine rivularis
Carex acuta

Carex acutiformis
Carex atrofusca

Carex bicolor

Aneura pinguis

Aulacomnium palustre

Aulacomnium turgidum

Blindia acuta

Breutelia chrysocoma
Bryum neodamense
Bryum pseudotriquetrum
Calliergon giganteum
Calliergonella cuspidata

Calypogeia muelleriana

Campyliadelphus elodes
Campylium stellatum
Campylopus atrovirens
Campylopus flexuosus

Catoscopium nigritum
Cephalozia bicuspidata

Cephalozia connivens

Cinclidium stygium

Ctenidium molluscum
Dichodontium palustre
Dicranum congestum
Dicranum elongatum
Dicranum flexicaule
Dicranum scoparium
Diplophyllum albicans
Fissidens adianthoides
Fissidens osmundoides
Hamatocaulis vernicosus
Helodium blandowii

Hypnum cupressiforme

aggr.
Kurzia pauciflora

Leucobryum glaucum
Meesia triquetra

Meesia uliginosa

Alectoria nigricans

Alectoria ochroleuca

Arctocetraria
andrejevii
Bryocaulon
divergens

Bryoria nitidula
Cetraria cucullata
Cetraria islandica
Cetraria nivalis
Cetrariella delisei

Cetrariella fastigiata

Cladonia
amaurocraea

Cladonia bellidiflora
Cladonia cornuta
Cladonia crispata

Cladonia cyanipes
Cladonia deformis
agar.

Cladonia gracilis

Cladonia
groenlandica
Cladonia
macrophylla

Cladonia maxima
Cladonia portentosa
Cladonia pyxidata
agar.

Cladonia rangiferina
Cladonia rei
Cladonia squamosa
Cladonia stellaris
Cladonia subfurcata
Cladonia sulphurina

Cladonia uncialis
Icmadophila
ericetorum
Ochrolechia
androgyna
Ochrolechia frigida
Ochrolechia
inaequatula
Omphalina
hudsoniana
Omphalina
umbellifera

Acrocephalus palustris
Anser brachyrhynchus

Anser fabalis

Anser rossicus
Anthus cervinus
Anthus pratensis
Aquila chrysaetos
Aquila pomarina
Asio flammeus
Bubo bubo

Calidris alpina
Chettusia gregaria
Circaetus gallicus
Circus cyaneus
Circus macrourus

Circus pygargus
Cisticola juncidis

Emberiza aureola

Emberiza rustica
Falco columbarius
Falco peregrinus

Falco subbuteo
Gallinago gallinago
Gallinago media
Gallinago stenura
Gavia arctica

Gavia stellata

Grus grus
Hoplopterus spinosus

Lanius excubitor

Larus canus
Limicola falcinellus

Limosa lapponica
Limosa limosa

Locustella naevia

Funded by

the European Union

30



Quantify biodiversity losses and gains in relation to

WET H=RIZONS

wetland management across Europe

Carex bohemica
Carex bulgarica
Carex canescens

Carex capillaris

Carex chordorrhiza

Carex davalliana
Carex diandra

Carex dioica

Carex distans
Carex disticha
Carex echinata
Carex elata
Carex flacca
Carex flava
Carex frigida
Carex hostiana
Carex lasiocarpa
Carex lepidocarpa
Carex limosa

Carex livida
Carex maritima
Carex microglochin

Carex nigra
Carex norvegica
Carex panicea
Carex paniculata

Carex parallela

Carex pauciflora
Carex rariflora

Carex riparia

Carex rostrata
Carex rotundata
Carex saxatilis
Carex sempervirens
Carex vaginata

Carex vesicaria

Carex viridula

Centaurium littorale
Chamaedaphne calyculata
Chenopodium album aggr.
Cicendia filiformis

Cirsium appendiculatum

Mylia anomala
Mylia taylorii
Nowellia curvifolia

Odontoschisma sphagni

Oncophorus virens

Oncophorus wahlenbergii

Paludella squarrosa
Palustriella commutata

aggor.
Palustriella decipiens

Philonotis calcarea
Philonotis fontana
Philonotis seriata
Plagiomnium affine aggr.
Pleurozia purpurea
Pleurozium schreberi
Polytrichum commune
Polytrichum hyperboreum
Polytrichum jensenii

Polytrichum strictum

Pseudocalliergon
trifarium

Ptilidium ciliare
Racomitrium
lanuginosum

Saccobasis polita
Scapania irrigua
Scapania paludicola
Scapania undulata
Scorpidium revolvens
agar.

Scorpidium scorpioides
Sphagnum balticum
Sphagnum capillifolium
agar.

Sphagnum compactum

Sphagnum contortum
Sphagnum cuspidatum
Sphagnum fuscum
Sphagnum lindbergii
Sphagnum magellanicum

agor.
Sphagnum majus

Sphagnum palustre aggr.
Sphagnum papillosum
Sphagnum platyphyllum
Sphagnum rubellum
Sphagnum russowii

Peltigera scabrosa

Peltigera scabrosella

Pertusaria dactylina
Thamnolia
vermicularis
Tuckermannopsis
inermis

Lymnocryptes minimus
Motacilla citreola
Numenius arquata

Numenius phaeopus

Philomachus pugnax
Pluvialis apricaria
Porzana porzana

Saxicola torquata
Stercorarius pomarinus
Strix nebulosa

Surnia ulula

Sylvia nisoria

Tetrao tetrix

Tringa erythropus
Tringa glareola

Tringa nebularia
Tringa totanus
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Cirsium heterotrichum
Cirsium palustre
Cladium mariscus
Coleanthus subtilis
Comarum palustre
Corrigiola litoralis
Crepis paludosa
Cyperus fuscus
Cyperus michelianus
Dactylorhiza cordigera
Dactylorhiza incarnata

Dactylorhiza majalis
Deschampsia cespitosa

aggr.
Drosera longifolia

Drosera rotundifolia
Echinochloa crus-galli
Elatine hexandra
Elatine hydropiper
Elatine triandra
Eleocharis acicularis
Eleocharis ovata
Eleocharis palustris
Eleocharis quinqueflora
Epilobium nutans
Epilobium palustre
Epipactis palustris
Equisetum fluviatile
Equisetum palustre
Equisetum variegatum
Erica cinerea

Erica mackaiana

Erica tetralix
Eriophorum angustifolium
Eriophorum latifolium
Eriophorum scheuchzeri
Eriophorum vaginatum
Eupatorium cannabinum
Festuca frigida

Festuca rubra aggr.
Filipendula ulmaria
Frangula alnus

Galium palustre aggr.
Galium uliginosum
Gentiana pyrenaica
Gentianella bulgarica
Geum coccineum

Sphagnum subnitens
Sphagnhum subsecundum
Sphagnum tenellum
Sphagnhum teres
Sphagnum warnstorfii
Sphenolobus minutus
Straminergon stramineum
Tomentypnum nitens
Warnstorfia exannulata
Warnstorfia fluitans
Warnstorfia sarmentosa

WET H=RIZONS

Funded by
the European Union

32



Quantify biodiversity losses and gains in relation to

WET H=RIZONS

wetland management across Europe

Glaux maritima
Glyceria declinata
Glyceria fluitans aggr.
Glyceria maxima
Gnaphalium uliginosum
Gymnadenia frivaldii
Helosciadium crassipes
Illecebrum verticillatum
Iris pseudacorus
Isoetes durieui

Isoetes histrix

Isolepis cernua

Isolepis setacea
Juncus alpinoarticulatus
Juncus arcticus

Juncus articulatus
Juncus biglumis
Juncus bufonius agagr.
Juncus bulbosus
Juncus capitatus
Juncus castaneus
Juncus effusus

Juncus filiformis
Juncus pygmaeus
Juncus squarrosus
Juncus subnodulosus
Juncus tenageia
Juncus thomasii
Juncus triglumis
Kobresia simpliciuscula
Lemna minor
Leontodon hispidus
Ligusticum mutellina
Limosella aquatica
Lindernia procumbens
Linum catharticum
Lipandra polysperma
Lotus hispidus

Lotus tenuis

Luzula campestris aggr.
Luzula wahlenbergii
Lycopus europaeus
Lysimachia vulgaris
Lythrum hyssopifolia
Lythrum portula
Lythrum salicaria
Mentha aquatica
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Mentha pulegium
Menyanthes trifoliata
Molinia caerulea aggr.
Myosotis scorpioides aggr.
Myosoton aquaticum
Myrica gale

Nardus stricta
Narthecium ossifragum
Narthecium scardicum
Ochlopoa annua
Odontites vulgaris aggr.
Oenanthe aquatica
Oxybasis glauca
Oxybasis rubra
Parnassia palustris
Pedicularis oederi
Pedicularis palustris
Pedicularis sylvatica
Persicaria amphibia
Persicaria dubia
Persicaria hydropiper
Persicaria lapathifolia
Persicaria maculosa
Peucedanum palustre
Phalaroides arundinacea
Phragmites australis
Pinguicula alpina
Pinguicula balcanica
Pinguicula vulgaris

Pinus sylvestris

Plantago gentianoides
Plantago major

Plantago maritima

Poa alpina

Poa arctica

Polygala amarella
Polygala serpyllifolia
Polygonum aviculare aggr.
Polypogon subspathaceus
Potamogeton polygonifolius
Potentilla erecta
Potentilla supina

Primula deorum

Primula farinosa

Primula frondosa
Prunella vulgaris

Radiola linoides
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Ranunculus acris aggr.
Ranunculus flammula
Ranunculus repens
Ranunculus sceleratus
Rhododendron tomentosum
Rhynchospora alba
Rorippa amphibia
Rorippa palustris
Rorippa sylvestris
Rubus chamaemorus
Rumex hydrolapathum
Rumex maritimus
Sagittaria sagittifolia
Salix arbuscula

Salix myrsinites

Salix repens

Salix reticulata
Saxifraga aizoides
Saxifraga stellaris
Scheuchzeria palustris

Schoenoplectus lacustris

Schoenoplectus lacustris
subsp. glaucus

Schoenus ferrugineus
Schoenus nigricans
Selaginella selaginoides
Sesleria caerulea
Sesleria comosa
Solanum dulcamara
Soldanella pindicola
Solenopsis laurentia
Sparganium emersum
Sparganium erectum agagr.
Spergularia rubra
Succisa pratensis
Taraxacum apenninum
Taraxacum sect. Palustria
Thalictrum alpinum
Tofieldia calyculata
Tofieldia pusilla
Trichophorum alpinum
Trichophorum cespitosum
Trichophorum pumilum
Trifolium pratense
Triglochin maritima
Triglochin palustris
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Tripleurospermum maritimum

agor.
Typha angustifolia

Typha latifolia

Urtica dioica
Utricularia intermedia
Utricularia minor
Vaccinium microcarpum
Vaccinium myrtillus
Vaccinium oxycoccos
Vaccinium uliginosum
Vaccinium vitis-idaea
Valeriana dioica
Veratrum lobelianum
Viola palustris
Willemetia stipitata
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