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Abstract: The connectivity of riparian forests can be used as a proxy for the capacity of riparian zones
to provide ecological functions, goods and services. In this study, we aim to test the potential of
the freely available Copernicus “Riparian Zones” dataset to characterize the connectivity of ripar-
ian forests located in two European bioclimatic regions—the Mediterranean and the Central Baltic
hydroregions—when subject to a gradient of human disturbance characterized by land-use/land-
cover and hydromorphological pressures. We extracted riparian patches using the Copernicus
“Actual Riparian Zone” (ARZ) layer and calculated connectivity using the Integral Index of Connec-
tivity (IIC). We then compared the results with a “Manual Riparian Zone” (MRZ) layer, produced by
manually digitizing riparian vegetation patches over a very high-resolution World Imagery layer.
Our research evidenced reduced forest connectivity in both hydroregions, with the exception of Least
Disturbed sites in the Central Baltic hydroregion. The ARZ layer exhibited overall suitability to
assess the connectivity of riparian forests in the Central Baltic hydroregion, while the Mediterranean
hydroregion displayed a consistent pattern of connectivity overestimation in all levels of human
disturbance. To address this, we recommend some improvements in the spatial resolution and
thematic accuracy of the Copernicus ARZ layer.

Keywords: Copernicus land monitoring service; hydromorphology; land-use/land-cover; riparian
zones; connectivity

1. Introduction

Riparian zones are co-constructed by the long-standing influence of environmental and
human disturbance processes that shape their structural and compositional attributes [1].
They represent the interface between aquatic and terrestrial ecosystems, encompassing
the stream channel and that portion of the terrestrial landscape where vegetation may
be influenced by fluctuations in the water table, flooding and waterlogged soils [2,3].
Bioclimatic and geomorphological conditions drive the spatial and temporal patterns of
riparian zones, but as highly dynamic and hierarchically dependent ecosystems they are
also extremely vulnerable and responsive to local and catchment-scale human disturbance
factors [4]. Particularly, land-use/land-cover (LULC) changes and hydromorphological
alterations have affected the structure of riparian zones across Europe, with a strong impact
on riparian connectivity [5,6].
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The connectivity of riparian forests can be used as a proxy for the capacity of riparian
zones to provide ecosystem functions, goods and services [7-11]. On one hand, the vertical
and longitudinal connectivity of riparian forests are usually representative of the amount of
available habitat within the riparian zone and measure the capacity of the riparian zone to
sustain biodiversity and promote biological dispersal [12-14]. On the other hand, the lateral
connectivity of riparian forests is usually representative of the exchange of energy and
materials with the surrounding landscape, translating the effectiveness of the riparian zone
to regulate flow velocity and sedimentation processes and to act as a buffer for nutrient
sink and pollutant removal [15,16].

Although riparian zones are affected by multiple stressors, given the complexity of
human-environment interactions in different geographic contexts, and the generalized lack
of freely available tools to monitor riparian zones at distinct spatial scales, most studies
have relied on a unique-pressure or single-scale perspective to perceive the effects of
human disturbance on the structure of riparian zones. Thus, there is a global need for
efficient and comprehensive monitoring tools, based on a multi-stressor and multi-scale
approach, capable of: (i) properly characterizing the levels of variation; (ii) disentangling
the different sources of variation; (iii) recognizing the cause—effect mechanisms on the
structure of riparian zones in multiple geographic contexts.

In the last 2 decades, the development of image-based methods and computing
capacity are increasingly relevant to characterize and monitor the structure of riparian
zones [1,17,18]. The Copernicus Land Monitoring Service, from the European Environ-
mental Agency, enabled the creation of an extensive dataset to map riparian zones across
Europe [19]. Nevertheless, few studies have explored the potential of this dataset to charac-
terize the structure of riparian zones across Europe and the inherent capacity of riparian
zones to provide ecosystems services in distinct bioclimatic typologies (but see Clerici
and Vogt [20], Bechter et al. [21], and Piedelobo et al. [22]). In addition, to the best of our
knowledge, none of them examined the suitability of Copernicus products to assess the
connectivity of riparian forests, especially under a gradient of human disturbance. This
evaluation is of major importance, since large-scale studies concerning green infrastructure
analysis, conservation of priority habitats and biodiversity management are likely to be
conducted using this publicly available dataset as input data.

Given the exposed assumptions, this study aims to:

1.  Assess the longitudinal connectivity of riparian forests located in two distinct Eu-
ropean bioclimatic regions (Mediterranean and Central Baltic hydroregions) when
subject to a gradient of human disturbance. We considered land-use/land-cover
and hydromorphology as the main human disturbance factors and assessed them at
catchment and segment scales.

2. Identify the drawbacks and strengths of the freely available Copernicus “Riparian
Zones” dataset to assess the longitudinal connectivity of riparian forests located in
the Mediterranean and Central Baltic hydroregions.

We hypothesized that river segments subject to increasing levels of human distur-
bance will present increasingly smaller and less-connected riparian vegetation patches in
both hydroregions. We also hypothesized that the Copernicus ARZ model will produce
higher misclassification errors when assessing the connectivity of riparian forests in the
Mediterranean hydroregion, especially in river segments subject to a high level of human
disturbance.

This study contributes to the assessment and monitoring of riverine habitats and
related ecosystem services in distinct river typologies across Europe.

2. Materials and Methods
2.1. Study Area and Sampling Design

European hydroregions are continental homogenous, near-contiguous regions with
similar bioclimatic conditions [23], and may be used to identify different riparian ty-
pologies across Europe (EU-project MARS, http:/ /mars-project.eu/, accessed on 21 May
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2021) [23,24]. The present study was conducted in the Mediterranean and Central Baltic
hydroregions, along several river segments, here defined as the river section between
two tributaries located in Tagus and Sorraia catchments (Portugal) and Meuse and Escaut
catchments (Wallonia, Belgium) (Figure 1).

European hydroregions
Alpine

[ Central and Baltic
[0 Eastern Continental
[ Mediterranean
Wl Nordic

Figure 1. Map of the European hydroregions with the geographic location of the study areas (light blue polygons). Left
circular panels show the hydrological network (light blue lines) in the Mediterranean (light grey) and Central Baltic (dark

grey) hydroregions.

River segments were selected using the European river network Catchment Charac-
terization Model database (CCM2; available at https://data.europa.eu/, accessed on 30
September 2020) [25]. We made a prior selection based on a large dataset obtained from
previous studies during the implementation of the Water Framework Directive [26] for the
Mediterranean hydroregion, and the context of a study developed by Debruxelles et al. [27]
for the Central Baltic hydroregion. We selected 55 and 1071 sampling sites located in seg-
ments of the Mediterranean and Central Baltic hydroregions, respectively. Due to the
small representativeness of riparian forests in headwater streams, we only retained seg-
ments located in sub-catchments greater than 100 km?, and in order to minimize spatial
autocorrelation in the data, we sub-sampled sites separated at least by 2.5 km [5]. In the
end, we retained a total of 38 and 40 segments for the Mediterranean and Central Baltic
hydroregions, respectively, ensuring a wide range of ecological conditions and a balanced
sampling between hydroregions. A total of 213.6 km and 232.8 km of river was covered in
each hydroregion, respectively.

We validated the site selection to ensure that all river segments share similar geomor-
phological and climatic features in each hydroregion (Table 1). An analysis of similarities
(ANOSIM) based on Euclidean distances was performed, with variables extracted from the
CCM2 database, using the River Network Toolkit software (RivTool) [28]. No significant
differences were found between catchments within each hydroregion (Global Ranosmv for
the Mediterranean hydroregion = 0.58, p = 0.0001; Global Ranosmv for the Central Baltic
hydroregion = 0.65; p = 0.0064).
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Table 1. Main environmental and geomorphological characteristics of the studied segments (average (min-max)) in the

Mediterranean and Central Baltic hydroregions.

Mediterranean Hydroregion Central Baltic Hydroregion
Tagus Sorraia Meuse Escaut
Annual temperature (°C) * 15.8 (13.4-16.5) 13.4 (11.8-14.3) 8.3 (7.4-9.6) 9.7 (9.7-9.7)
Am(‘;igree:ri?}t)afion 769.4 (647.5-1048.2)  1083.8 (953.9-1297.6)  1030.1 (844.4-1128.1)  828.2 (827.2-829.3)
Strahler order number * 3(2-5) 4 (3-5) 4 (3-5) 3(3-3)

Upstream drainage area (UDA)

(km?) *
Drainage density UDA
(km.km~—2) *
Stream frequency (#
segments.km~2) *
River segment length (km)

572.6 (66.6-4765.9) 1286.0 (129.0-5038.6) 680.6 (108.5-2884.6) 251.2 (174.3-328.1)

324.4 (228.5-547.6) 491.1 (307.5-638.5) 347.3 (204.7-437.7) 234.7 (233.6-235.8)

10,140.9 27,4456 12,646.8
(4504.5-25,999.4) (10,046.1-57,025.4) (5217.1-19,5286) 00245 (5790.6-74584)
5.8 (0.8-17.9) 5.2 (1.2-14.3) 5.5 (0.9-20.3) 7.5 (4.5-10.6)

* Extracted from Vogt et al. [25].

2.2. Riparian Data

Riparian data were gathered using an image-based approach, supported by a Geo-
graphic Information System, and are comprised of polygons representing homogenous
riparian vegetation patches, including trees and tall shrubs, occurring within the riparian
zone [29]. The riparian zone is defined by the area surrounding the river systems occupied
by vegetation that is influenced by fluctuations in the water table and flooding [2,3].

Two datasets were derived from all river segments. In the first dataset, riparian patches
were extracted using the Copernicus “Actual Riparian Zone” (ARZ) layer (available at
https:/ /land.copernicus.eu/local /riparian-zones, accessed on 30 September 2020). This
layer was mapped during the Copernicus Initial Operations 2011-2013 phase, by making
use of remote-sensing classification techniques applied on optical VHR spatial-resolution
satellite imagery [2,3]. The Minimum Mapping Unit was 0.5 ha and the Minimum Map
Width 10 m.

The second riparian dataset was obtained by manually digitizing riparian vegetation
patches located in the previously selected segments. The classification was obtained by
visual analysis of very high spatial-resolution imagery (orthophoto images with 60 cm of
spatial resolution) obtained in 2018 (Esri World Imagery, ArcGIS Online data, Copyright ©
Esri). The riparian vegetation patches were digitized at a 1:1000 scale and the Minimum
Mapping Unit was 200 m?. A total of 1482 and 1845 riparian vegetation patches were
attained for the Mediterranean and Central Baltic hydroregions, respectively. We termed
this dataset as the Manual Riparian Zone (MRZ). Due to its very high spatial detail, we
used it as ground-truth data to test the potential of the Copernicus ARZ layer in assessing
the longitudinal connectivity of riparian forests.

In both datasets, the inner and outer boundaries of the riparian zone were harmonized.
For the inner frontier, we used the water-land interface by delineating the stream riverbank.
As for the outer frontier, we adopted the Copernicus “Potential Riparian Zone” (PRZ)
layer from the European Copernicus Land Monitoring Service (available at https://land.
copernicus.eu/local/riparian-zones, accessed on 30 September 2020). This layer was
derived from a complex hydrological rainfall-runoff model that simulates catchment
hydrological processes by integrating topographic, hydrological and geomorphological
data [2], and represents the maximum potential area that can be occupied by the riparian
zone [3].

Since riparian zones and their inherent structural patterns are determined not only
by catchment-scale drivers but also by local-scale factors [5], we extracted riparian data,
in both margins, separately. The resulting PRZ, ARZ and MRZ layers were thus split into
right and left margins using the inner frontier obtained by the aforementioned method,
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and a total of 76 and 80 Sampling Units (SUs) were produced for the Mediterranean and
Central Baltic hydroregions, respectively.

2.3. Human Disturbance Gradient

Two sets of variables describing the human disturbance gradient (i.e., the anthro-
pogenic pressures), describing land-use/land-cover and hydromorphological aspects, were
calculated for each Sampling Unit (SU), at the catchment (upstream drainage area of each
SU) and segment scale (Copernicus PRZ layer).

2.3.1. Land-Use/Land-Cover (LULC) Data

Land-use/land-cover data were obtained using five classes representing a decreasing
human disturbance for the riparian ecosystem [5,6], namely: (1) Artificial surfaces; (2)
Intensive agriculture; (3) Managed forest; (4) Extensive agriculture; (5) Unmanaged forest.

For the assessment of land-use/land-cover at the catchment-scale (C_LULC), we
used the Corine Land Cover 2012 dataset (available at https://land.copernicus.eu/pan-
european/corine-land-cover/clc2012, accessed on 30 September 2020) and evaluated the
percentage of each LULC class at the upstream drainage area of each SU. For the segment
scale (S_LULC), we used the Copernicus Riparian Land-cover/Land-use layer (available
at https:/ /land.copernicus.eu/local/riparian-zones/land-cover-land-use-Iclu-image, ac-
cessed on 30 September 2020) and evaluated the percentage of each LULC class in the
Copernicus PRZ area of each SU.

In the Mediterranean hydroregion, we reclassified the areas occupied by eucalyptus
forests using the Land-Use/Land-Cover COS 2015 dataset (available at: http://www.
dgterritorio.pt/, accessed on 30 September 2020), in order to include these intensive
broadleaved plantations in the Managed forest class.

2.3.2. Hydromorphological Data

Hydromorphological data were assessed by using surrogate variables for streamflow
alterations and morphological changes. Two variables were computed for the catchment
scale—the Number of Dams in the Upstream Drainage Area (C_DAM) and the Reservoir
Capacity Upstream the Drainage Area (C_RES). The former represents the number of
existing large dams restraining water flow in the upstream drainage area of each SU, and
the latter the capacity of those dams to function as reservoirs. These catchment-scale
variables were obtained using RivTool [28] and were derived from georeferencing large
dams included in the ICOLD database [30]. For the segment scale, we computed the
Number of Barriers (S_BAR) by visually identifying the number of weirs and barriers that
were affecting water flow along each river segment over the Esri World Imagery layer. In
the end, we obtained 13 disturbance variables at the segment and catchment scale (see
Supplementary Materials, Table S1).

2.4. Riparian Connectivity

To assess the connectivity of riparian forests with the ARZ and MRZ layers, we applied
the Integral Index of Connectivity (IIC), developed by Pascual-Hortal and Saura [31]. This
index is largely adopted to assess connectivity for target species by quantitatively describing
a landscape as a set of interconnected patches [32-34]. Patches usually represent suitable
habitats and are considered connected if the dispersal ability of the organism is higher
than the distance among each pair of patches. In this study, we tested several incremental
distance thresholds (from 5 to 15,000 m) to account for the different theoretical dispersal
abilities of organisms that depend on riparian habitats [35-37].

The IIC was calculated for the ARZ and MRZ layers using the Conefor 2.6 software [38]
and ranges from 0 to 1, increasing with improved connectivity and being equal to 1 in the
hypothetical case that all the landscape is occupied by habitat. For the landscape area, we
used the left and right margins of the PRZ layer for each respective SU and represented the
IIC as the percentage of connected habitat.
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Finally, we compared the results of riparian connectivity obtained with the Copernicus
ARZ layer with the IIC values for the connectivity of riparian vegetation patches obtained
with the ground-truth MRZ layer.

2.5. Statistical Analysis

To classify SUs along a human disturbance gradient, we applied a hierarchical agglom-
erative cluster analysis using the land-use/land-cover and hydromorphological variables.
In order to prioritize clustering by the merging of the least dissimilar SUs, we used the
complete-linkage method, allowing us to maximize the distance between groups and mini-
mize distance within groups [39]. The obtained groups were validated by observing the
significance and degree of segregation using ANOSIM tests. The name of each disturbance
group was assigned according to the main direct physical effects and potential ecological
consequences caused by LULC occupation and hydromorphological changes in the riparian
vegetation structure.

A Non-Metric Multidimensional Scaling Analysis (NMDS) was performed to allow
better visualization of the level of similarity between the disturbance groups and to identify
the relative contribution of each variable for the distinct disturbance group.

3. Results
3.1. Land-Use/Land-Cover and Hydromorphology

For the Mediterranean hydroregion, unmanaged broad-leaved forests dominated
Tagus and Sorraia catchments (C_UMG = 31.7%), followed by Extensive agriculture, mostly
represented by agroforestry systems (C_EXT = 25.6%). Managed forests and Intensive
agriculture, characterized by olive groves and permanently irrigated land, also composed
Tagus and Sorraia catchments (C_MNG = 20.9%; C_INT = 20.7%). At the segment-scale,
natural and semi-natural forests (S_UMG = 46.4%), followed by Intensive agriculture
(S_INT = 40.3%), established the dominant LULC along the river margins.

As for the Central Baltic, Extensive agriculture, composed of pastures and non-
irrigated arable land (C_EXT = 29.8%), alongside managed coniferous and mixed forests
(C_MNG =29.6%) dominated the upstream drainage area of the SUs. Intensive agriculture
(C_INT) represented 18.8%, while unmanaged broad-leaved forests (C_UMG) achieved
11.6%. Nevertheless, at the segment-scale, LULC was mostly composed of managed grass-
lands (S_MNG = 33.2%) and unmanaged forests (S_UMN = 32.6%). Urban and industrial
areas (S_ART) represented 25.4% of the total area—nearly 10 times higher than in the
Mediterranean hydroregion (S_ART = 2.6%).

Regarding hydromorphology, we observed a higher level of hydromorphological
disturbance in the Mediterranean hydroregion, which is particularly evident in the variable
capacity of the reservoirs upstream the drainage area (C_RES) (see Supplementary Materi-
als, Table S2). Barriers along the watercourses of the Mediterranean hydroregion (S_BAR)
are mostly comprised of small weirs commissioned for flood control and irrigation, while
in the Central Baltic, in a lower number, the barriers mostly represent locks and other
hydraulic systems for navigation and recreational purposes.

3.2. Human Disturbance Gradient

By choosing a dendrogram cut level based on dissimilarity of 80%, we obtained three
groups of human disturbance (Global Ranosiv Mediterranean = 0.9578, p = 0.0001; Global
Ranosmv Central Baltic = 0.9909, p = 0.0001), and classified them as: (1) Least Disturbed;
(2) Moderately Disturbed; (3) Highly Disturbed. No significant partial superposition of
groups was found within hydroregions (ANOSIM pairwise tests for differences between
groups in the Mediterranean hydroregion: Global Ranosmv > 0.98, p = 0.0001; for the
Central Baltic hydroregion: Global Ranosiv > 0.96, p = 0.0001).

In the Mediterranean hydroregion (Figure 2a), roughly a third of the clustered SUs
were considered Least Disturbed and closely related with cork-oak silvopastoral systems
at the catchment and segment-scale (C_EXT and S_EXT). About a quarter of the SUs were
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considered Moderately Disturbed, in close association with dams upstream the drainage
area (C_RES and C_DAM), but also with monocultural areas of eucalyptus and pine
plantations (C_MNG and S_MNG). The remaining SUs were considered Highly Disturbed,
impacted by Artificial surfaces and Intensive agriculture (S_ART and S_INT) and by the
presence of local barriers along the watercourse (S_BAR).
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Figure 2. Non-metric Multidimensional Scaling (NMDS) biplot showing the distances among variables. Disturbance groups

with sampling units organized in clusters (green = Least Disturbed; orange = Moderately Disturbed; red = Highly Disturbed)

for the (a) Mediterranean and (b) Central Baltic hydroregions.

For the Central Baltic hydroregion (Figure 2b), roughly one-third of the SUs were con-
sidered Least Disturbed, typically associated with natural and semi-natural broad-leaved
forests (C_UMG and S_UMG). The other third were considered Moderately Disturbed and
were mostly related to segment-scale arable land (S_INT) as well as managed scrublands
(S_MNGQG). The remaining SUs were considered Highly Disturbed, mostly driven by highly
impacting variables such as urban and industrial areas at the catchment and segment scale
(C_ART, S_ART) and by the presence of local barriers and large upstream dams (S_BAR,
C_RES, C_DAM).

3.3. Riparian Connectivity

In the Mediterranean hydroregion, the highest riparian connectivity was obtained
in Moderately Disturbed SUs, although only achieved an average maximum of 4%. We
observed a consistent pattern of riparian forest connectivity overestimation when using the
Copernicus ARZ layer (Figure 3a). Additionally, and although connectivity calculated with
the Copernicus ARZ layer displayed a clear pattern of increasing IIC along the gradient
of distance thresholds, we did not significantly observe this trend using the MRZ layer
(overall average IIC values ranged from 1.32% to 1.53%).

For the Central Baltic hydroregion, the highest connectivity was obtained in the Least
Disturbed SUs using the MRZ layer (27.9%) (Figure 3b). Moderately and Highly Disturbed
SUs showed similar low connectivity values, not only among disturbance groups but also
between both datasets. Nevertheless, a slight pattern of increasing connectivity and a
higher agreement between the two riparian layers was detected across the gradient of
distance thresholds.
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Figure 3. Integral Index of Connectivity (IIC) (%) with incremental distance thresholds (m) along the gradient of human

disturbance (dashed lines—Copernicus Actual Riparian Zone (ARZ); solid lines—Manual Riparian Zone (MRZ); green
lines—Least Disturbed Sampling Units (SUs); orange lines—Moderately Disturbed SUs; Red lines—Highly Disturbed SUs)
for the (a) Mediterranean and (b) Central Baltic hydroregions.

4. Discussion
4.1. Connectivity of Riparian Forests across the Two Hydroregions

In the Mediterranean hydroregion, the highest value of connectivity, as given by the
MRZ layer, can be explained by the presence of dams upstream of the studied segments and
by the occurrence of managed forests in the vicinity of the river. Water regulation promoted
by dam construction causes changes in sediment transport and the physical morphology
of the river channel, altering the structure of riparian vegetation [40]. Similar patterns
of large, complex and well-connected riparian vegetation patches were also observed
in Mediterranean rivers subjected to dam-induced regulation, in a phenomenon called
riparian encroachment [41], in which riparian forests tend to colonize the channel due to a
lack of flushing flows. Additionally, in the last decades, intensive agricultural areas in the
margins of the Tagus and Sorraia rivers are being gradually substituted by monocultural
eucalyptus and pine plantations, also promoting changes in riparian vegetation structure
and floristic composition [42].

The Least Disturbed SUs of the Mediterranean hydroregion exhibited small and sim-
ple riparian vegetation patches with reduced connectivity and were found to be closely
associated with “montados” [43]. The main ecological consequences for riparian forests
subject to this low-intensity agroforestry system include the removal of bank vegetation
by grazing and a decreasing rate of natural regeneration. Nevertheless, those effects are
considered less severe than the ones promoted by Intensive agriculture and Artificial sur-
faces observed in Highly Disturbed SUs, which include inputs of nutrients and pesticides
as well as the intensification of runoff from impervious surfaces to the riparian zone [5]. In
addition, riparian forests often constitute areas excluded from production and thus can
generate a negative perception for farm managers [44,45]. Thus, many of these Least and
Highly Disturbed SUs in the Mediterranean hydroregion are subjected to tree clearing
in order to prevent damages in the surrounding productive areas. Furthermore, these
long-standing human alterations to the Mediterranean landscape are often heightened by
the dryness of the Mediterranean climate.
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In the Central Baltic hydroregion, the highest connectivity, as given by the MRZ layer,
was obtained in the Least Disturbed SUs, typically associated with large and complex
patches of preserved riparian forest remnants surrounded by broadleaved woodlands.
Nevertheless, Moderately and Highly Disturbed SUs of the Central Baltic hydroregion
exhibited smaller and more isolated riparian vegetation patches.

The Central Baltic hydroregion can be characterized by a long-term agricultural
intensification of riverine areas [4]. This is especially evident in Moderately Disturbed
SUs, highly impacted by crops. In addition, there is a generalized historical degradation of
the river’s hydromorphology, mostly characterized by alterations in channel dimensions,
forms and features and by the presence of dams and local barriers upstream and along
the river segments. The combination of water flow hindrance with the imperviousness of
artificialized margins may explain the lower values of forest connectivity recorded in the
riparian zones of the Central Baltic hydroregion.

Overall, we observed that segment-scale variables were particularly relevant to explain
the variability in the connectivity of riparian forest remnants in Highly Disturbed SUs of
both hydroregions. Previous studies also report similar conclusions regarding the effect of
proximal disturbance variables on the structural degradation of riparian forests [5,46].

4.2. Drawbacks and Strengths of Copernicus Data for the Assessment of Riparian Forest Connectivity

Due to the effects of the long-standing human influence in Mediterranean riparian
zones, we expected the Copernicus ARZ model to produce “false negative” misclassifica-
tions errors since high spatial resolution data is usually required to detect small riparian
forest remnants. However, the ARZ layer produced an overall overestimation of riparian
forest connectivity, resulting in “false positive” misclassification errors (Figure 4a). Weis-
steiner et al. [2] noted that the ARZ layer is unavoidably subjected to simplification, but we
observed a generalized inaccuracy of the Copernicus ARZ model to separate the natural
and semi-natural terrestrial environments from riparian forest remnants in the Mediter-
ranean hydroregion (Figure 4a). As for the Central Baltic, despite an overall agreement
between the two layers, we observed an underestimation of riparian forest connectivity in
the Least Disturbed SUs with the ARZ layer, which can be explained by the coarse spatial
resolution of the images used to produce it (Figure 4b).

The connectivity of riparian forests was calculated as the percentage of area occupied
by riparian vegetation patches relative to a potential riparian zone established by the
Copernicus PRZ layer. The Copernicus PRZ boundary is naturally characterized by a
high degree of uncertainty due to its intrinsic fuzzy nature [2]. Thus, it should be noted
that the values obtained in this study represent relative and not absolute connectivity
measures, although conclusions regarding the comparison of connectivity between the two
hydroregions remain similar.

Another source of potential errors in the adopted methodology is related to the
mismatch between image dates and spatial resolution. While the Copernicus ARZ layer
was derived from the analysis of images collected between 2011 and 2013, the MRZ layer
was derived from airborne imagery collected in 2018. Although riparian zones are highly
dynamic ecosystems, relevant changes in the riparian woody strata usually require more
than 5 years to be significantly detectable with the image resolution that was used in the
current study. Other riparian woody vegetation analyses have been successfully conducted
with similar temporal mismatch among images and field data [47]. As for differences in the
spatial resolution, due to the coarser resolution used to develop the ARZ model, riparian
patches appear larger, more homogeneous and less numerous, while with the MRZ layer,
representative of the ground-truth, patches are smaller, more heterogeneous and in higher
number (Figure 4). Nevertheless, since these methodological features are overall transversal
and systematic in both hydroregions, they do not explain the variability observed in the
data or alter the main conclusions about the comparison between hydroregions.
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Moderately disturbed Least disturbed

Highly disturbed

(a) Mediterranean hydroregion (b) Central Baltic hydroregion

Figure 4. Least, Moderately and Highly Disturbed Sampling Units in the (a) Mediterranean and (b) Central Baltic hydrore-
gions (light blue line—river segment; green areas—Copernicus Actual Riparian Zone (ARZ); yellow polygons—Manual
Riparian Zone (MRZ); red circles—“false positive” misclassification; white circles—“false negative” misclassification).

4.3. Implications for the Management of Riparian Zones

Although relevant broad-scale analysis can be made using the Copernicus “Riparian
Zones” dataset to assess the connectivity of riparian forests [21,22,29], particular attention
should be given in regions subject to high levels of human disturbance and extreme
bioclimatic conditions, such as the Mediterranean hydroregion, since they usually present
highly altered riparian zones [4]. Besides the higher spatial resolution required to use
the Copernicus ARZ layer as input data to assess the connectivity of riparian forests,
aspects related to floristic composition could be also directly included in the model [48,49].
The forest vegetation classes, detected near streams in the Copernicus ARZ layer, do
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not necessarily represent near-natural vegetation classes nor riparian dominant species.
Alien invasive species, such as Arundo donax L. in the Mediterranean region, or even-
aged mono-specific plantations (Populus sp. or Picea abies L.) in the Central Baltic, can
form large and highly connected riparian zones, with negative impacts on ecological
integrity [50,51]. In addition, and for the proper evaluation of the Copernicus “Riparian
Zones” dataset, a more extensive bioclimatic and geomorphological coverage should
be considered, alongside other human disturbance factors, emerging threats to riparian
ecosystems and their respective interactions (e.g., nutrients and pesticides in agricultural
runoff, plant invasions, fire effects and disease-induced riparian decline [52,53]).

When using the current Copernicus ARZ layer to assess the connectivity of riparian
forests and, consequently, to measure the capacity of riparian zones to provide Ecosystem
Services (ES), caution must be taken. Provisioning and regulation ES are mostly supported
by processes based on the biophysical structure of the riparian vegetation. By overestimat-
ing the size and connectivity of riparian forests, the Copernicus ARZ layer overestimates,
for instance, the capacity of riparian zones to filter pollutants and sediments, or the ca-
pacity to provide a habitat for species maintenance and dispersal. Furthermore, riparian
vegetation restoration measures in Highly Disturbed river segments may be also impacted
when using the Copernicus ARZ layer, since misclassified riparian forests are more prone
to produce errors in restoration budgets, as shown by Gergel et al. [54].

The Copernicus ARZ layer could be also combined with other ancillary datasets to
produce novel indicators, able to support the objectives of European programs and policy
initiatives, such as the EU Biodiversity Strategy to 2030, the Habitats and Birds Directives
and the Water Framework Directive. Weissteiner et al. [2] demonstrated that the ratio of
the Copernicus ARZ/PRZ can provide valuable insights concerning the ecological status of
European riparian zones. By improving the spatial resolution and thematic accuracy of the
ARZ layer, this indicator could give a clearer idea about the current deviation of riparian
zones from a reference situation, as described by the PRZ layer.

5. Conclusions

Land-use/land-cover and hydromorphological disturbance constrain the structure of
riparian zones by strongly affecting the connectivity and spatial attributes of riparian forests.
We found an overall pattern of reduced riparian connectivity, except for Least Disturbed
areas in the Central Baltic hydroregion. Fragmentation was particularly evident in the
Mediterranean hydroregion as a result of its legacy concerning the combination of LULC
changes and hydromorphological regulation with the dryness of the Mediterranean climate.
In Moderate and Highly Disturbed areas of the Central Baltic hydroregion, low riparian
connectivity was also apparent, as a direct result of the hydromorphological degradation of
the river caused by the historical artificialization of the river channel, features and forms.

The Copernicus ARZ layer was found to be useful and usable when assessing the
connectivity of riparian forests in the Central Baltic but displayed a pattern of consistent
connectivity overestimation in the Mediterranean hydroregion. Nevertheless, it could be
interesting to observe how this layer would behave in other European hydroregions, as the
dynamics of riparian zones differ from one bioclimatic region to another.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/£12060674/s1, Table S1: List of pressure variables, respective acronyms, measurement units
and supporting references, Table S2: Land-use/land-cover percentages and hydromorphology values
for the catchment and segment scale in each hydroregion.
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