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ARTICLE INFO ABSTRACT
Keywords: River re-naturalisations are at the forefront of conservation efforts. The hope is that these in-
Embankment removal terventions will benefit both local ecosystems and facilitate flood mitigation. While hydrological
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modelling has been a standard procedure in assessing the outcomes of river re-naturalisations,
vegetation modelling has not always been performed as part of these assessments. We hypoth-
esised that the use of potential vegetation modelling, i.e. the modelling of self-sustainable
vegetation that can survive after the intervention, can provide insight into vegetation outcome
of river re-naturalisation and can thus support vegetation restoration and conservation planning.
We investigated the utility of potential vegetation modelling under a specific, widespread element
of river re-naturalisation: river floodplain widening at three study sites along the Tisza River in
Hungary. We applied potential vegetation modelling, in addition to hydrological and ground-
water modelling, to assess the expected vegetation outcome of the river floodplain widening.
Flood frequency and duration were assessed by the HEC-RAS hydrological model. Based on the
output this hydrological model provided, expected values of the water-related explanatory var-
iables (including groundwater level) were calculated. Statistical relationships encompassed by the
existing mulitple potential vegetation (MPV) models of Hungary were applied to the environ-
mental variable sets corresponding to conditions before and after floodplain widening (pre- and
post-treatment, respectively), including water-related and other explanatory variables. This
resulted in predicted potential vegetation distribution for pre-treatment and post-treatment
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conditions, which were then compared via ordinations and PERMANOVA. At two of the study
sites, post-treatment potential vegetation prediction typically showed vegetation types requiring
wetter and less saline conditions when compared to the pre-treatment potential vegetation dis-
tribution. This pattern corresponds to general expectations given river floodplain widening.
However, at one of the sites, the potentiality of saline and non-saline steppe vegetation was
actually more pronounced under the expected post-treatment conditions than those before
widening. The strengthening of the potentiality of dry vegetation types can be explained by the
minor environmental differences related to the microrelief. As the studied sites were all located in
the lowlands where geomorphological variation is small, the effect of these minor geomorpho-
logical differences on post-treatment potential vegetation would have remained hidden without
applying MPV models. In conclusion, scenarios that employ MPV models help predict river
restoration outcomes more accurately and can help identify factors that might otherwise be
overlooked. Thus, when combined with physical modelling of river flow, their use can aid in the
restoration and landscape planning decisions in river re-naturalisation projects.

1. Introduction

Most of the rivers in Europe, and many rivers around the world, have been regulated by embankments and other barriers (Dynesius,
Nilsson, 1994; Lehner et al., 2011; Grill et al., 2019). River embankments often leave narrow strips for floodplain vegetation along the
river (Meyerhoff, Dehnhardt, 2007; Damm, 2013; Peters et al., 2021). Re-naturalization of river flow is an increasingly used measure
thanks to various expected benefits: improved flood control, summer drought mitigation, and improvement of local ecosystems (Zsuffa
and Bogardi, 1995; Bednarek, 2001; Wohl et al., 2015). A frequent form of re-naturalisation is the enlargement of the active floodplain
by modifying embankments: opening, removing or moving them farther from the river (Vuren et al., 2005; Warner et al., 2012; Van
Buuren et al., 2015).

In addition to mitigating floods (Brillinger et al., 2020; Han et al., 2023), such projects are also expected to lead to the increased
naturalness of the floodplains (Vuren et al., 2005; Warner et al., 2012, Van Buuren et al., 2015). Typically, an increase in wetland
vegetation is one of the primary goals of river re-naturalisation (Meyerhoff, Dehnhardt, 2007; Marttunen et al., 2019; Ioana-Toroimac
et al., 2022). Conservation evidence points to natural marshes developing in the majority of river restoration cases (Conservation
Evidence database, 2023) However, examples exist that river re-naturalisation does not always yield the expected wetlands (Kail et al.,
2015; Ioana-Toroimac et al., 2022).

Vegetation modelling is a tool that can provide substantial assistance to assess the potential results of such interventions and
support planning for the eventual outcomes. Vegetation modelling has been incorporated into river restoration outcome estimates as
major life forms (i.e. forest/grassland; e.g. Dixon et al., 2016, Vermaat et al., 2021) and as major habitat types (aquatic/mesic/xeric;
Bair et al., 2021). However, the need to provide greater detail on expected vegetation types in river re-naturalisation effect predictions
has also been called for (Ochs et al., 2020; Del Tanago et al., 2021). Knowledge of the range of vegetation types which can survive
under the expected environmental conditions is relevant in various cases. The range of potential vegetation is infromative of the range
of possible vegetation outcomes (1) when solely the hydrological intervention is carried out or (2) when vegetation restoration is
planned with the motivation to support the development of vegetation types that can survive with no or minimal management.
Choosing vegetation types from the range of potential natural vegetation as restoration target helps achieving the ambitious
contemporary restoration targets (e.g. European Commission, Directorate-General for Environment, 2022; Fu et al., 2023): if a restored
type is self-sustainable, more resources are left to cover larger extents for restoration.

The potential natural vegetation (PNV) concept represents the vegetation that could survive under the environmental conditions of
a specific site at a specific time point (Tiixen, 1956; Somodi et al., 2021). PNV only reflects survival chances, thus provides estimation
without considering constraints by propagule limiations or successional routes. Thus, PNV characterises the environment from the
point of view of vegetation (Somodi et al., 2021). However, PNV is theoretical, hence vegetation types designated as PNV are not
necessarily present at the location. PNV can help to assess the self-sustainable vegetation of locations not currently vegetated (e.g.
urban area, arable field) or self-sustainable vegetation under different than actual conditions.

Traditionally, PNV estimates were made by individuals with expert knowledge (Tiixen, 1956; Kiichler, 1964; Neuhauslova et al.,
2001); however, it is also possible to employ models in PNV estimation (e.g. Tichy, 1999; Somodi et al., 2017; Fischer et al., 2019).
PNV models quantify the vegetation-environment relationship and thus are a useful tool in impact assessment, such as studying the
potential impact of river re-naturalisation (e.g. Ochs et al., 2020). Somodi et al. (2012) and, (2017) further extended the PNV concept
to reflect modern ecological knowledge into a probability distribution of potentially surviving vegetation types at a specific location
(multiple potential natural vegetation, MPNV). Thus, the MPNV approach can incorporate several alternative stable states (Baker and
Walford, 1995; Petraitis, 2013). This extension of the concept can be particularly useful for restoration planning as it allows for the
consideration of multiple self-sustaining vegetation types per location (e.g. Torok et al., 2018).

While PNV encompass vegetation capable of survival without human management, the need to assess the self-sustainability of
vegetation types in cultural landscapes has also emerged. Thus, the term Potential Replacement Vegetation (PRV; Chytry 1998) has
been introduced to represent those seminatural vegetation types that would be stable in a specific location given human management
(e.g. grazing, mowing). As the suitability of floodplains to seminatural vegetation under low-intensity management is also of interest in
many cases, we have developed a probabilistic estimation of PNV and PRV together. This combined vegetation potential was termed
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MPV after Konrad et al. (2022).
In this paper, we aim to test, if vegetation modelling and particularly modelling a probability distribution of potentially surviving
vegetation types (i.e. MPV) can contribute to our understanding of the vegetation consequences of river floodplain widening.

2. Methods
2.1. Study sites

The three sites we studied all lie along the Tisza River in the Middle Tisza Region of the Hungarian Great Plain (Fig. 1). The Tisza
River is one of the major rivers in Central Europe. It is the largest tributary of the Danube River, and the second-longest river in
Hungary after the Danube (Borsos and Sendzimir, 2018). It originates in the Ukrainian Carpathian Mountains and flows a total of
966 km, 597 km through the Hungarian Great Plain. Geomorphologically, this region is characterized by a flat landscape. Originally,
the riverine landscape of the middle Tisza region was shaped by the river’s dynamics. The meandering river often changed course,
leaving channel belts and oxbow lakes behind. However, the river has been highly regulated since the middle of the 19th century.
Concurrently, the mainstream of the Tisza was shortened by ca. 30% (Tockner et al., 2021). The main objectives of this regulation have
been to control the water level, ensure ship navigation, and prevent inland floods. As a result of this regulation, the width of the active
floodplain has been reduced significantly. However, still natural material lines the riverbed, the embankments are constructed from
soil and are covered with herbaceous vegetation. (Semi)natural vegetation is present along the riverbed up to the embankment.
Natural vegetation in the Middle Tisza region is primarily composed of floodplain forests, wetlands, grasslands and steppe forests.
However, the region has been severely transformed by agricultural use, thus natural vegetation is confined to small areas. Currently,
willow-poplar gallery forests line the riverbeds often in a narrow strip within the embankments. Hardwood gallery forests (dominated
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Fig. 1. Location of Hungary within Europe (a) and of the study sites within Hungary (b). The colouring corresponds to elevation. Hydrological
modelling was applied to the section of Tisza between the towns of Kiskore and Csongrad, which are shown on the map with asterisks. Maps of the
study sites (Fokorupuszta, Tiszafoldvar, and Tiszakécske), are shown in subfigures (c), (d), (e), respectively. The outline is drawn around the
floodplain area to be added to the active floodplain. The hexagonal grid served as spatial units of the analyses.
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by Quercus robur, Fraxinus angustifolia, and Ulmus laevis together) are present where the width of the active floodplain allows or
sometimes outsides as remnants (Boloni et al., 2008). The most common wetlands are reed (Phragmites australis) communities and
sedge meadows (with Carex riparia and C. acutiformis), which can be present both inside the active floodplain and behind the em-
bankments depending on local water conditions (Molnar et al., 2008).

The drawbacks of the narrow active floodplain along the Tisza have been recognised (Loczy et al., 2009, Kiss et al., 2021).
Therefore, the Middle Tisza Water Directorate made plans to widen the active floodplain by embankment removal and/or relocation at
three different sites. This plan provided opportunity for the joint modelling of hydrological consequences and vegetation outcome of

river floodplain widenings.
The three study sites involved in the research were at Fokortipuszta (which is part of the town of Besenyszog), Tiszafoldvar, and
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Fig. 2. Modelling workflow of the study. We compared vegetation predictions for two states of the study sites situated along the Tisza river. The
regulated, original state (pre-treatment) and an expected state that would result from river floodplain widening (post-treatment). The modelling
steps are the following: A) Hydrological modelling of the water conditions. B) assessment of values of water-related variables before and after
widening. This includes the assessment of distance from the water body and distance to groundwater from the surface before and after the widening.
C) Application of MPV models to the environmental conditions in both states. D) Comparison of vegetation conditions and identification of expected
changes under the planned river floodplain widening interventions. Pictograms of vegetation types demonstrate that MPV represents potential
vegetation as a distribution and this distribution is expected to change with the hydrological interventions.
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Tiszakécske (Fig. 1).

At each site, the goal of the planned hydrological intervention reflected in the hydrological models was the widening of the active
floodplain. In each case, this was modelled according to general practice: opening the current embankment towards additional areas
along the river. In two cases (Fokortipuszta, Tiszakécske), the modelled river floodplain widening includes the establishment of
embankments farther from the river than the previous ones were situated. The outline of the study sites reflects these new embank-
ments. At Tiszafoldvar, the presence of a natural bench (elevation) in the terrain at the outer edge of the study site would act as a
natural embankment after opening the original one. For each site, we designate the original state as “pre-treatment” and the modelled
outcome of hydrological interventions as “post-treatment” state further on.

The river floodplain widening has already been carried out at Fokortpuszta. However, the time elapsed since the completion of the
project has not been sufficient for the vegetation to stabilise and to serve as a possible mean of validation. In Fokortpuszta, the pre-
treatment condition was characterised by flat terrain with mostly dry channel beds leading occasional excess water to the Tisza. Along
the channels, large swaths were covered with successional communities: bush and small fragments of willow-poplar gallery forest.
These were mostly eliminated during the floodplain widening. In the post-treatment phase so far, ruderal vegetation has developed,
and this is expected to undergo further succession.

At the Tiszakécske site, the embankments run very close to the river. A strip of willow-poplar forests occupies the space between the
embankment and the riverbed. Outside the embankment, agricultural land dominates the landscape with occasional wetland (mostly
reeds) patches interspersed.

In Tiszafoldvar, the embankment also runs close to the river, and thus current wetlands are confined to a strip along the river. The
remainder of the currently non-flooded area harbours saline steppes as actual vegetation. There are parts of the planned floodplain that
are currently used as agricultural land, but saline grasslands are also present in great diversity and in good natural condition. These
have been designated as part of a protected area.

2.2. Modelling workflow

Assessment of vegetation outcome of river floodplain widening was accomplished by a workflow consisting of four stages (Fig. 2).
A) Applying a hydrodynamic model to assess river dynamics, B) assessing values of water-related variables including distance to river
and groundwater depth model, C) applying the MPV models to the pre-treatment and post-treatment environmental conditions rep-
resented by the updated variables, D) comparison of pre- and post-treatment potential vegetation by ordination and PERMANOVA.

2.3. Hydrodynamic modelling

Hydrodynamic modelling was applied to assess the impact of river floodplain widening on the hydrology of the river (e.g. flood
peak reduction, changes in run-off conditions). We applied the HEC-RAS modelling software of the Hydrologic Engineering Center
(HEC) of the US Army Corps of Engineers. The program has been used successfully for one- and two-dimensional modelling in the
United States of America for all major rivers (Brunner, 2016). It has also been used for the Tisza River in Hungary already (Vizi et al.,
2018).

The model was calibrated based on the highest ever observed flood in 2000 on an approximately 156 km long river section of the
Tisza from Kiskore (402 river km) to Csongrad (246 river km). Flow discharge measurements for the 2000 flood were available at
Kiskore and at a middle part of the modelled river section: Szolnok (337,5 river km). The 2000 flood event corresponds to a flood event
with 100-year return, thus the observations corresponding to that event supplied the parameters for a 100-year return period flood.
Floods with shorter return period received parameters adjusted to the expected lower severity as deduced from this major flood event.
Parametrisation was carried out relying on the current active floodplain with the original embankments, as the actual flood event only
affected that area. For each study site, the opening of the current embankment on 50 m length was modelled together with the
placement of new embankments at the farther edge of the study sites (in Tiszafoldvar, this coincides with the natural bench, so would
not need actual embankment to be built). The 50 m opening was chosen to reflect the actual practice of river floodplain widenings in
the region, so as to make the vegetation outcome assessment relevant to conservation applications. The expected severity of floods was
modelled at three levels: corresponding to floods returning every 2, 5, and 10 years (HQ2, HQ5, and HQ10, respectively).

We had used data from two water gauge stations to assess the precision of the model outcomes: Martf(i, and Tiszaug. These are close
to the Tiszafoldvar and Tiszakécske study sites, respectively. The average difference between the computed and the observed data was
0-10 cm at each control point, which indicates acceptable model accuracy.

The roughness of the newly widened floodplain in the model was set identical to the present after the following considerations. In
the current active floodplain, the vegetation is already quite dense but also may be subject to change (Vizi and Pravetz, 2020). In our
case, hydrodynamic models also have to account for the full range of possibly self-sustainable vegetation types represented by MPV.
Therefore, instead of trying to adjust to vegetation expectations not informed by MPV yet (as it cannot be available before the hy-
drological modelling), we relied on roughness represented by the current land cover. Current land use is most intensive in Tiszakécske
outside the river embankment, while elsewhere the landscape structure (i.e. forested/non-forested, density) was not very different
from the structure of spontaneously developing vegetation. To assess the importance of this difference, we also calculated the models
using a scenario of natural vegetation development for Tiszakécske. The difference regarding river dynamics was negligible, which
supported our decision to work uniformly with roughness corresponding to existing land cover. The roughness factor assigned to land
use categories was determined on the basis of the prescriptions of the Hungarian standard, as well as on the basis of values applied by
HEC-RAS and proposed by Chow (1959).
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2.4. MPV models

The analysis relies on the pre-treatment and post-treatment, i.e. current and expected potential vegetation distribution of the sites.
Potential natural vegetation (PNV) distribution was modelled in the multiple potential natural vegetation (MPNV) framework (Somodi
et al., 2017; Somodi et al. 2024). Potential replacement vegetation (PRV) was modelled in the same way as PNV and the two were
unified as the multiple potential vegetation estimate CMPV’, sensu Konrad et al., 2022). Accordingly, the MPV of Hungary in-
corporates 39 vegetation types as PNV and 8 vegetation types as PRV. 19 vegetation types of these were identified as potentially
present either in the pre-treatment or post-treatment situations within the study areas (Table S1.1).

MPV models were trained in previous research (Somodi et al., 2017, Somodi et al. under review). In that process, presence/absence
data of vegetation types were derived from the Hungarian Actual Habitat Database (META; www.novenyzetiterkep.hu/english/node/
70; Molnar et al., 2007; Horvath et al., 2008). The database was compiled as a result of an exhaustive field survey of the (semi)natural
vegetation of Hungary between 2003 and 2006. It contains vegetation data in a ca. 700 m hexagonal grid covering the country
(hereinafter: META grid). The same grid was used throughout vegetation modelling and in the current study. Explanatory variables for
the MPV models were calculated from datasets on soil (Pasztor et al., 2015), hydrology, topography (USGS, 2004) and climate. All the
non-climatic explanatory variables were aggregated or extracted to the centre of hexagons of the META grid. Climate data for the
model training represent the period between 1971 and 2000. These were acquired from the CarpatClim-Hu database (Szalai et al.,
2013) in daily temporal and 0.1° (approx. 10 km) horizontal resolution. After aggregating the climate data to monthly variables
averaged over the 30-year period, they were statistically downscaled to the resolution of the META grid through regression kriging.
This yielded 68 candidate explanatory variables for the MPV model. This initial set of explanatory variables was limited to ensure
maximum pairwise Pearson correlation of 0.7, Variance Inflation Factor (VIF) of 10, and condition number (CN) of 20 (Dormann et al.,
2013). Table 1 summarises the 21 explanatory variables resulting from this process.

MPV models were trained at the resolution of the META grid for the complete area of Hungary, and they were done so separately for
each of the vegetation types. Boosted Regression Trees (BRT; a.k.a. Gradient Boosting Model, GBM; Friedman et al., 2000; Friedman,
2002; Schapire, 2003) approach was used to construct the models following the optimization process described by Elith et al. (2008).
BRT is reported to be a robust and flexible modelling approach with outstanding predictive power (Elith et al., 2006; Bithlmann and
Hothorn, 2007; Velasquez-Tibatd et al. 2016). Before training the models, META hexagons without any recognisable (semi)natural
vegetation were removed. Then, the remaining data (36.46% of the country) were divided into equal-sized training and evaluation sets
by random sampling with prevalence stratification. This was done in order to evaluate the performance of the model in predictions to
the pre-treatment period.

Model performance was assessed on the evaluation dataset based on a widely applied (Mouton et al., 2010; Kaymak et al., 2012)
goodness-of-fit measure, the Area Under the ROC Curve (AUC; Hanley and McNeil, 1982). AUC is between 0 and 1, where 1 indicates
the perfect fit. The AUC of the individual models of the 19 vegetation types were within the range of 0.811-0.991 with a mean value of
0.940. The models performed excellently according to AUC (Swets, 1988).

The models predicted the probability of occurrence per vegetation type. The predictions were within the interval [0,1]. These raw
probability values, however, are not directly comparable across vegetation types. In order to ensure comparability, raw predicted data
interpreted on ratio scale were rescaled to a five-level ordinal scale (Somodi et al., 2017). Since the rescaling procedure was performed

Table 1
The 21 environmental variables used as input to the MPV models. The right column indicates those variables, which were recalculated for the post-
treatment conditions due to floodplain widening influencing their values.

Environmental predictor Potentially affected by river regulation
modification

Isothermality (ratio of mean diurnal range and temperature annual range)
Maximum temperature of warmest month

Minimum temperature of the coldest month

Precipitation of wettest quarter

Precipitation of driest quarter

Presence of carbonate bedrock within a hexagon

Presence of volcanic acidic bedrock within a hexagon

Presence of volcanic neutral bedrock within a hexagon

Presence of volcanic alkaline bedrock within a hexagon

Presence of siliciclastic sedimentary and pyroclastic bedrock within a hexagon
Maximum of sand fraction ratio of the top (0-30 cm) soil layer within a hexagon
Mean organic matter content within a hexagon

Mean depth of groundwater level within a hexagon X
Maximum of rooting depth within a hexagon
Distance of the hexagon centroid to the closest river X

Distance of the hexagon centroid to the closest stream
Distance of the hexagon centroid to the closest canal
Distance of the hexagon centroid to the closest lake

Distance of the hexagon centroid to the closest non-built (natural) water body of any type (lake, river, X
stream)
Distance of the hexagon centroid to the closest water body of any type (lake, river, stream, canal) X

Standard deviation of the Topographic Position Index (TPI) within a hexagon
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for each vegetation type separately, different thresholds were calculated for the rescaling of the vegetation types based on the pre-
sence/absence data. The interpretation of the values of the resulting ordinal scale is the following:

0 and 1: not potential;

2: fairly potential;

3: likely potential;

4: surely potential.

A decision has to be made in the case of each study and for each application at which level to consider certain vegetation as fully
potential. For the current research, we merged ranks 0 and 1 to represent lack of potentiality according to our experience with MPV
estimations (Torok et al., 2018; Konrad et al., 2022; Konrad et al., 2023). Thus, these are designated as rank 1 further on.

2.5. Modified environmental characteristics of the prediction area

The planned and correspondingly modelled river floodplain widening would affect the potential vegetation by changing the water
availability. Four of the 21 predictors used by our MPV models are potentially modified by water availability (Table 1).

As no hydrological model output was available that would directly specify post-treatment groundwater levels, we estimated these
using correlative models for each site (Fig. 2B). In our MPV models, groundwater levels were represented by mean depth of ground
water level within one hexagon, thus we aimed at updating this variable for post-treatment conditions so that the MPV predictions can
be calculated for those conditions as well. We trained BRT models on a broader area surrounding the sites being studied so as to ensure
sufficient input data to parametrise the models yielding groundwater levels. Because this model is highly empirical, it might reflect
site-specific relationships.

We applied the following calculation steps:

1. Selection of all the hexagons per site of which more than half the area was covered by flood parameter estimates. These were used
as training areas in the subsequent correlative models.

2. Flood duration and water depth corresponding to 2-, 5- and 10-year recurrent floods (HQ2, HQ5, HQ10 respectively) in the pre-
treatment phase were extracted from the hydrological models to serve as covariates;

3. The known groundwater depth of the training hexagons in the pre-treatment phase was used as response variable. Flood duration
and water depth of HQ2, HQ5 and HQ10 flood events were used as covariates. A BRT model was trained with 2000 trees of three
levels, 0.00001 learning rate, normal distribution and 50% bag fraction to identify the relationship between the groundwater level
and the covariates;

4. Relying on the trained BRT models and the post-treatment values of the covariates, expected post-treatment groundwater levels
were predicted. This prediction was applied for all of the hexagons within the area of future active floodplain for each of the three
sites. Pre-treatment and post-treatment groundwater values are presented in Supplementary Material S2.

The previously trained (Somodi et al., 2017) MPV models were applied both to the pre- and post-treatment environmental
conditions (Fig. 2C). MPV distribution was estimated for 14, 69, and 29 spatial units in Fokortipuszta, Tiszafoldvar and Tiszakécske
respectively (Fig. 1). These encompass the planned and existing floodplain together at each site.

5. Comparisons of pre- and post-treatment MPV

To assess the effect of the treatment, statistical analyses were performed (Fig. 2D). First, in order to get a general overview,
principal coordinate analysis (PCoA, Gower, 1966; 'vegan’ package, Oksanen et al., 2019) was conducted for the MPV of all study sites.
As the MPV prediction is measured on ordinal scale and therefore was rich in ties, the distance matrix required for PCoA was calculated
based on Kendall’s tp correlation coefficient transformed to the 0-1 range using the following formula (Eq. 1.) as in Konrdd et al.
(2022):

d=+05-05%14 (€9)]

Results of the PCoA were visualised on an ordination plot with each site colour-coded. To conduct a deeper assessment, we also
conducted PCoA analysis for each location separately. Groupings according to two binary variables, i.e. treatment (pre/post-treat-
ment) and side of the embankment (flooded/non-flooded) were projected onto ordination plots. If the embankment crossed a hexagon,
side was assigned according to which side covered the larger area within the hexagon. The non-flooded side as a category was only
present in the pre-treatment setting as embankments were scheduled to be removed or to be shifted to the farther edge of the study sites
as treatment. Finally, the effect of groupings, i.e. treatment & side of the embankment, was tested using PERMANOVA ('vegan’
package, Oksanen et al., 2019) per location. If explanatory variables (treatment, side of embankment) of PERMANOVA were signif-
icant, the separation of the groups formed by the combination of the two factors was tested using pairwise post-hoc test (’pairwi-
seAdonis’, Martinez Arbizu, 2017) with p-value adjustment according to Holm (1979).

All analyses were done using R statistical software (R Core Team, 2020). Predictors were calculated using 'dismo’ (Hijmans et al.,
2020), "exactextractr’ (Baston, 2020), "gbm’ (Greenwell et al., 2020), "gstat” (Pebesma, 2004; Graler et al., 2016), 'raster’ (Hijmans,
2020), ’sf” (Pebesma, 2018) and "usdm’ (Naimi et al., 2014). Spatial visualisation and GIS analyses were done using packages ’con-
caveman’ (Gombin et al., 2020), ggplot2’ (Wickham, 2009), ’raster’ (Hijmans, 2020), ’scatterpie’ (Yu, 2019), ’sf’ (Pebesma, 2018)
and ’sp’ (Pebesma and Bivand, 2005; Bivand et al., 2013), *vegan’ (Oksanen et al., 2019).
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3. Results

The most apparent predicted changes in the potential distribution of vegetation types (Supplementary Material S3, S4) varied from
site to site in response to the planned river floodplain widening. As identified by applying MPV models to pre-treatment conditions,
pre-treatment potential vegetation was mainly characterised by herbaceous wetland types (e.g. reeds) and willow-poplar forests at
Fokortipuszta. These vegetation types were also coinciding with the patches of vegetation that existed there. However, there was also
potential for grassland vegetation for the most part divided equally between saline and non-saline grassland vegetation. Even steppe
forests were present in the MPV distribution, i.e. there were locations within the study area, where they could have survived under the
pre-treatment conditions(Fig. S4.1). Dry grasslands and steppe forests were, however, not actually present. The potentiality for dry
grasslands and steppe forests (e.g. H5a, M3) was predicted to possess the same potentiality rank after floodplain widening, while the
potentiality of wet habitats, particularly that of willow-poplar gallery forests (J3_J4), wet meadows (D34) and sedge communities (B5)
increased. In Tiszafoldvar, the actual wetland vegetation along the current riverbed coincides with the pre-treatment potential.
Additionally, the models also predicted potential for wetlands in the northeastern area on the non-flooded side of the embankments in
place of current arable fields before floodplain widening already (Fig. S4.2). Compared to these pre-treatment conditions, changes in
response to river floodplain widening are expected to be more intensive close to the river according to model outcomes. Farther from
the river, the existing saline character is expected to change little, even though the area would receive floods with river floodplain
widening. However, as we near the river, models predict changes that reduce the potential of saline habitats (F1a, F2, F4, M3), parallel
to the increase in the potentiality of willow-poplar gallery forests (J3_J4) and tall herb vegetation (D6). In the area closest to the river,
the model also predicts wet meadows (D34) and hardwood gallery forests (J6) for the post-treatment conditions.

2.0 - @ Fokorupuszta
® Tiszafoldvar
® Tiszakécske
1.5 9 O Pre-treatment
A Post-treatment
1.0
0.5
N
R
X
<
0.0
-0.5
+
J3_J4
-1.0
-1.5
T T T T T
-1.0 -0.5 0.0 0.5 1.0
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Fig. 3. PCoA of spatial units (hexagons) of all sites. The first axis corresponds to increasing salinity along increasing values. Each site is individually
colour-coded. Pre-and post-treatment is primarily distinguished by the shape of the symbol: circles correspond to pre-treatment, triangles to post-
treatment. However, post-treatment symbols also receive a lighter version of the site colour. Lines are drawn between the group centroids and the
specific sample unit using the colour corresponding to the site. One group corresponds to one site in one state, i.e. pre- or post-treatment. For
vegetation type names see Table S1.1.
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Fig. 4. PCoA of individual sites. (a) Fokorupuszta, (b) Tiszafoldvar, (c) Tiszakécske. Arrows point towards the position of the same hexagon in the
altered conditions. Full circles depict flooded, open circles non-flooded embankment side. Site colouring is retained for comparability with Fig. 3.

For vegetation type codes see Table S1.1.
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At Tiszakécske, pre-treatment potential vegetation is identified by the model as a mixture of wetland and dry vegetation, including
forests and herbaceous types as well as saline and non-saline types (Fig. S4.3). However, the potentiality of willow-poplar forests is
predicted to decrease here with the treatment even for most of the hexagons closest to the river. At the same time, the potentiality of
dry and saline grasslands (H5a and F4-F5 respectively) is predicted to increase.

PCoA analysis helped identify the tendencies in different hexagons and display them in one picture. In the joint analysis of the sites,
the first two axes explained 42% and 9% of variance, respectively. Thus, the first axis appears to have an important role in dis-
tinguishing between the sites. Considering the position of potentially surviving habitats in the ordination space (Fig. 3), this axis
stretches from the group of wet or mesic meadows and forests (D34, B5, J3_4) to the groups of saline grasslands (Fla, F2, F3, F5)
complemented by reeds (Bla) that also tolerates saline conditions well. Also, the shift in conditions along this axis is most expressed.
However, the direction of shift of group centroids differs for different sites. Fokortipuszta and Tiszafoldvar shift away from the saline
conditions, while Tiszakécske shifts towards them.

PCoAs performed separately for the individual sites provided further detail on the direction and nature of the expected changes
(Fig. 4.). The first two axes explained at least 48% of the variance for each of the sites. Additionally, a pronounced decrease in the
explained variance appeared after the first two axes. Thus, we interpreted these two axes in accordance with existing recommendations
(Podani, 2000, Bakker, 2023).

For Fokortipuszta, the PERMANOVA analysis did not reveal significant divergence. One of the reasons might be the relatively small
sample size (n = 14). Another reason, however, could be that the terrain at this site is even, thus pre- and post-treatment conditions
might naturally be closer to each other than in the case of the other sites. However, the individual PCoA of Fokortpuszta (Fig. 4a) still
reveals discernible trends. The explained variances of the first two axes are 32% and 18%. The first axis can be linked with the same
gradient as in the case of the joint ordination of sites. Additionally, axis 2 appears to represent a tolerance gradient to permanent wet
conditions for the non-saline habitats. Closed hardwood forests (L5, J6) appear at the bottom, while willow-poplar gallery forests
(J3_J4) appear in the middle and mesic to wet meadows appear at the top. Arrows are typically aligned with axis 2, showing a shift
towards more flood-tolerant habitats. The appearance of reeds (B1a) at the bottom appears to contradict this interpretation. The most
probable reason for this placement is that the willow-poplar forests are expected to replace them. The shifts shown by the arrows are
consistent at this site. The hexagons originally flooded and not flooded are both expected to undergo similar changes.

The PERMANOVA analysis showed significant divergence at the other two sites, with both explanatory variables significantly
contributing to the differences (Supplementary Material S5). At these two sites, post hoc tests underlined the differences between the
flooded and non-flooded sides of the embankments and their response to floodplain widening (Table 2, Table 3).

According to the post hoc tests, the nature of changes after an expected floodplain widening differed for both individal ordinations.
For both sites, there is a significant difference between the MPV composition of the two sides of the embankment given the pre-
treatment condition (pre-treatment flooded vs non-flooded) and the expected MPV composition of flooded sites before and after
the intervention. In the case of Tiszafoldvar, the difference between pre-treatment non-flooded hexagons that would become part of
the active floodplain from post-treatment flooded ones was marginally significant also.

The ordination helps to identify the nature of the expected changes: the first two axes explained 47% and 10% of the variance for
Tiszafoldvar. The first axis was again the salinity gradient, the shift away from saline habitats is more typical, but arrows are longer
along the other axis, i.e. changes are expected along that gradient rather. Predicted shifts appear in both directions along axis 2. For
hexagons already charcterised by saline habitats in the pre-treatment phase this shift appears towards drier variant, while for hexagons
characterised by non-saline habitats (also closer to the river, see Fig. 54.2) this shift appears towards wetter habitats.

In the ordination of Tiszakécske the first axis explained 37%, and the second 11% of variation. The first axis shows the same
gradient as elsewhere: a salinity gradient. Changes are expected along this gradient as the joint ordination also showed. Thus the post-
treatment MPV distribution contains more saline habitats after river floodplain widening. However, the individual ordination makes
another tendency is also apparent. Many of the arrows also show an expected change along the second axis. The second axis here
corresponds to a wetness gradient. For both saline and non-saline habitats, regularly flooded habitats, or those tolerating standing
water, are at the top of the chart (wetlands /D1, D6/, willow-poplar gallery forests /J3_J4/ and saline marshes /B6/, respectively;),
while habitats without long-term standing water tolerance are at the bottom (mesic forests /M3, L5/ and saline steppes respectively
/F2, F4, F5/). Thus, the direr vegetation types take a higher share in the MPV composition of individual hexagons after river floodplain
widening.

4. Discussion

As opposed to the cases listed in Conservation Evidence (Conservation Evidence database, 2023), the MPV modelling revealed that
not all of the sites can be expected to be suitable for wetland vegetation after river floodplain widening. On the one hand, different sites

Table 2
Results of the post hoc tests following the PERMANOVA for the Tiszafoldvar site. “pretr.” refers to pre-treatment conditions, “posttr.” refers to post-
treatment state.

Df Sum of Squares R? F adj. p-value
pretr. flooded vs. pretr. non-flooded 1 0.297 0.22 18.359 0.003
pretr. flooded vs. posttr. flooded 1 0.205 0.13 11.125 0.003
pretr. non-flooded vs. posttr. flooded 1 0.052 0.02 2.797 0.085
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Table 3
Results of the post hoc tests following the PERMANOVA for the Tiszakécske site. “pretr.” refers to pre-treatment conditions, “posttr.” refers to post-
treatment state.

Df Sum of Squares R? F adj. p-value
pretr. flooded vs. pretr. non-flooded 1 0.103 0.270 9.980 0.003
pretr. flooded vs. posttr. flooded 1 0.067 0.144 5.727 0.008
pretr. non-flooded vs. posttr. flooded 1 0.014 0.024 1.228 0.291

showed different reactions along the salinity axis in response to the intervention. On the other hand, there was even an example of the
site potential becoming more favourable for dry vegetation than wetlands.

In general, the most striking consequence of removing or shifting the embankment farther from the river is the recurrent incidence
of flooding within the new floodplain (Janssen et al., 2021; Schindler et al., 2022). It is expected that this flooding will alter soil
conditions and also wash out salts even if present in the soil of the specific region. Inland saline habitats are often characterised by
standng water during colder periods of the year (Boros et al., 2023; Boloni et al., 2011). Standing water can appear on the surface or as
elevated groundwater. Thus, recurrent floods would prevent their development. Indeed, as expected, two of the sites displayed an
expected shift away from the saline conditions given floodplain widening, in both the joint and individual ordinations. There was,
however, variation in how these two sites reacted. At one of the sites, Fokortipuszta, the expected changes follow the intuitive and
general pattern (Conservation Evidence database, 2023): the potential vegetation of the whole area would become wetter and more
flood-tolerant under floodplain widening. E.g. willow-poplar forests would become more potential. In the larger study area,
Tiszafoldvar, changes in response to a floodplain widening are predicted to diverge according to spatial position as the PERMANOVA
and the maps of MPV distribution revealed. Furthermore, the ordinations show that the potential vegetation of one group of hexagons
would become wetter and more flood-tolerant, while the dry saline character would be preserved in the MPV of the other group of
hexagons. Interpreting this pattern based on the three sources together, we can identify that floodplain widening would affect the
hexagons closer to the river more towards becoming suitable for wetland vegeation. At the same time, few floods would reach the
farther parts of the new active floodplain, which thus would develop differently. Considering that the area farther from the river
harbors protected saline grasslands, it is a conservation benefit that their potential would not be decreased by their inclusion into the
active floodplain.

As opposed to the differences between pre-treatment and post-treatment MPVs of Fokortpuszta and Tiszafoldvar that align well
with expectations, unexpected patterns are predicted for Tiszakécske.

First, as the individual ordination of the spatial units at Tiszakécske shows, the complete area is expected to move towards drier
MPV composition given floodplain widening. Furthermore, the difference of pre- and post-treatment MPV is signficant exactly for
those hexagons that represent the active floodplain in the pre-treatment condition. Considering that these hexagons are part of the
floodplain both in the pre-treatment and post-treatment scenario it is an unexpected pattern.

Second, considering the expected outwashing of salts by floods, the most unexpected change that would occur, is the increase in the
potentiality of saline vegetation. Indeed, there have been warnings that the outcome of river re-naturalisation can be variable (Hein
etal., 2016; Kail et al., 2015; Whipple and Viers, 2021). However, it is noteworthy that in our case all sites are situated within the same
biogeographic region, along the same river and at similar topographic situations. Besides the variation itself, it is particularly unex-
pected, that the resulting conditions may favour even drier and more saline habitats than did the starting conditions. However, our
case is actually similar to that of Janssen et al. (2021), who also perceived that river embankment can hold up water in a lowland
setting and thus sustain wetter vegetation on the non-flooded side than normally would be expected after embankment removal. Saline
soil conditions are widespread along the Tisza river (Sahbeni and Székely, 2022), thus it is reasonable that the reduction in water
availability would shift the environment towards saline habitats and/or towards other dry grasslands. River floodplain widening
would alter the water flow and would allow all water to run down to the river from the new active floodplain. This change in hy-
drography is then reflected in the expected change of the vegetation potential as well. This topography is, however, far from apparent.
The Tisza River flows through the Great Hungarian Plain without much apparent topographic variation (Sahbeni and Székely, 2022).
The river bank at this location can be considered "steep" only in comparison to the otherwise flat landscape. Thus, if flood and
vegetation modelling were not done in conjunction with one another, it would be difficult — if not impossible — to predict the overall
effect of floodplain widening here. Our findings are in concert with the literature on the subject, which also stresses that the envi-
ronmental background, including topography, is strongly determinative of the outcome (e.g. Ochs et al., 2020; Theodoropoulos et al.,
2020). Our three sites are all situated in the middle segment of the river and are relatively close to each other. We know that minor
topographic variation can have significant effects in lowlands (Rabl et al., 2020; Dedk et al., 2021; Dité et al., 2021), but without close
examination and modelling, one might not expect such great differences in the outcome of a floodplain widening. A key issue is that
minor topographic features act in concert with other environmental factors. Thus, potential vegetation modelling can be of particular
help, because it examines the landscape not from a human point of view, but through the “eye” of the vegetation. That is, it explores the
environmental combinations that impact vegetation suitability (Somodi et al., 2021). This also reinforces the findinds of the signifi-
cance of vegetation modelling in assessing river re-naturalisation outcomes (dos Reis Oliveira et al., 2020, Ochs et al., 2020).

Nowadays, river restoration is highly encouraged. At the same time, it requires a sacrifice on the part of those who use the land
along the rivers (Garcia et al., 2020; Johnson et al., 2020; Han et al., 2023). In Hungary, river floodplain widening typically requires
the forfeit of fertile agricultural land. Therefore, negotiations towards river floodplain widening involve local stakeholders (Hein et al.,
2016). Due to some of the effects of climate change that have already been acknowledged by the stakeholders, negotiations are slowly
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becoming easier (similarly to Bogdan et al., 2022). However, if the outcome of the restoration wildly differs from what the public
expects (e.g. salinization instead of wetland development) a negative perception of the restoration process may arise, and this could
hamper negotiations later on. Knowledge of potential vegetation can help avoid this in two ways: if financial/resource constraints limit
the extent of floodplain restoration, such projects can be focused on an area where commonly expected vegetation types, typically
wetlands are most likely to flourish. If the target locations are constrained by the demands and expectations of property owners,
expectations regarding the floodplain widening can be fine-tuned to produce the desired outcome, e.g. by stressing the desirability of
saline habitat restoration (e.g. Lubinska-Mielinska et al., 2022), as well as that of the rich avifauna to be expected on occasionally
flooded saline habitats (Zadereev et al., 2020; McDonald et al., 2022). In addition to the advantages that the knowledge of potential
vegetation offers in and of itself, multiple potential vegetation assessment further facilitates planning by providing a probability
distribution of potential vegetation types (Somodi et al., 2017). This then allows for adaptation to societal and/or technical constraints
within the given range of sustainable vegetation (Torok et al., 2018).

5. Conclusion

The use of MPV modelling shed light on the variability of expected outcomes of river floodplain widening regarding vegetation.
These outcomes included the potentiality for vegetation types that are not typically considered when contemplating river floodplain
widening. Consequently, the application of MPV proved valuable in identifying areas along the river that are likely to support specific
types of vegetation. This also means avoiding failure to meet restoration and conservation targets due to unexpected course of
vegetation development. On the other hand, if the river fragment to be widened is predetermined, adding MPV modelling to hy-
drological modelling can assist forming expectations regarding the vegetation outcome. This can facilitate sustainable active resto-
ration as well, by directing restoration efforts towards vegetation types that can be self-sustainable at the newly widened river
floodplain.

Funding

This work was supported by the DANUBEFLOODPLAIN Interreg Project [DTP2-003-2.1.]. Imelda Somodi was supported by the
Hungarian Academy of Science’s grant for the support of researchers raising children [contract number 89/2/2022/KP].

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data Availability
Data will be made available on request.
Acknowledgement

The authors express their gratitude to Willard Dickerson for providing valuable assistance in refining language usage and
enhancing the flow of the written work.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.gecco.2024.e02859.

References

Martinez Arbizu, Pedro. 2017. pairwiseAdonis: Pairwise Multilevel Comparison using Adonis. R package version 0.4.1.

Bair, John H., Loya, Sunny, Powell, Brian, Lee, James C., 2021. A new data-driven riparian revegetation design method. Ecosphere 12 (8), e03718. https://doi.org/
10.1002/ecs2.3718.

Baker, William L., Walford, Gillian M., 1995. Multiple stable states and models of riparian vegetation succession on the Animas River, Colorado. Ann. Assoc. Am.
Geogr. 85, 320-338. https://doi.org/10.1111/j.1467-8306.1995.tb01797.x.

Bakker, J.D., 2023. ANOSIM. Applied Multivariate Statistics in R.

Baston, Daniel. 2020. exactextractr: Fast Extraction from Raster Datasets using Polygons. R package version 0.5.1. URL: cran.r-project.org/package=exactextractr.

Bednarek, Angela T., 2001. Undamming rivers: a review of the ecological impacts of dam removal. Environ. Manag. 27 (6), 803-814.

Bivand, Roger S., Pebesma, Edzer, Gémez-Rubio, Virgilio, 2013. Applied spatial data analysis with R. Springer,, New York.

Bogdan, Eva Angelyna, Beckie, Mary A., Caine, Ken J., 2022. Making room for nature? Applying the Dutch Room for the River approach to flood risk management in
Alberta, Canada. Int. J. River Basin Manag. 20 (2), 153-165. https://doi.org/10.1080/15715124.2020.1723604.

Boloni, Janos, Molnar, Zsolt, Bir6, Marianna, Horvath, Ferenc, 2008. Distribution of the (semi-) natural habitats in Hungary II. Woodlands and shrublands. Acta Bot.
Hung. 50 (Supplement-1), 107-148.

Boloni, Janos, Molnr, Zsolt, Kun, Andras. 2011. Magyarorszag él6helyei. A hazai vegetaciétipusok leirasa és hatdrozéja. ANER 2011. Vécratét: MTA OBKI

12



L. Somodi et al. Global Ecology and Conservation 50 (2024) ¢02859

Boros, Emil, Inelova, Zarina, Lanczos, Zsuzsanna, Végvari, Zsolt, 2023. Waterbird guilds predict environmental attributes of inland saline aquatic ecosystems on multi-
spatial scales. Sci. Total Environ. 855, 158845 https://doi.org/10.1016/j.scitotenv.2022.158845.

Borsos, Béla, Sendzimir, Jan, 2018. The Tisza river: Managing a lowland river in the Carpathian Basin. River Ecosyst. Manag.: Sci. Gov. Towards a Sustain. Future
541-560.

Brillinger, Mario, Dehnhardt, Alexandra, Schwarze, Reimund, Albert, Christian, 2020. Exploring the uptake of nature-based measures in flood risk management:
Evidence from German federal states. Environ. Sci. Policy 110, 14-23. https://doi.org/10.1016/j.envsci.2020.05.008.

Brunner, Gary W. 2016. HEC-RAS River Analysis System: Hydraulic Reference Manual, Version 5.0. US Army Corps of Engineers-Hydrologic Engineering Center 547.

Bithlmann, Peter, Hothorn, Torsten, 2007. Boosting algorithms: regularization, prediction and model fitting. Stat. Sci. 22, 477-505. https://doi.org/10.1214/07-
STS242.

Chow, Ven Te 1959. Open-channel hydraulics, McGraw-Hill Book Co, 680 p, New York.

Chytry, Milan, 1998. Potential replacement vegetation: an approach to vegetation mapping of cultural landscapes. Appl. Veg. Sci. 1 (2), 177-188. https://doi.org/
10.2307/1478947.

Conservation Evidence database (2023) (www.ConservationEvidence.com) [Accessed 10 September 2023].

Damm, Christian. 2013. Ecological restoration and dike relocation on the river Elbe, Germany. Scientific Annals of the Danube Delta Institute 19: 79-86.

Dedk, Baldazs, Kovacs, Bence, Radai, Zoltan, Apostolova, Iva, Kelemen, Andras, Kiss, Réka, Lukacs, Katalin, Palpurina, Salza, Sopotlieva, Desislava, Bathori, Ferenc,
Valké, Orsolya, 2021. Linking environmental heterogeneity and plant diversity: The ecological role of small natural features in homogeneous landscapes. Sci.
Total Environ. 763, 144199 https://doi.org/10.1016/j.scitotenv.2020.144199.

Del Tanago, Marta Gonzalez, Martinez-Fernandez, Vanesa, Aguiar, Francisca C., Bertoldi, Walter, Dufour, Simon, Garcia de Jalon, Diego, Gar6fano-Gomez, Virginia,
Mandzukovski, Dejan, Rodriguez-Gonzélez, Patricia Maria, 2021. Improving river hydromorphological assessment through better integration of riparian
vegetation: Scientific evidence and guidelines. J. Environ. Manag. 292, 112730 https://doi.org/10.1016/j.jenvman.2021.112730.

Dité, Daniel, Suvada, Rébert, Dité, Zuzana, 2021. Habitat shaped by ancient salt: vegetation of the classes Therosalicornietea and Festuco-Puccinellietea in the
Transylvanian Basin (Romania). Folia Geobot. 56 (2-3), 109-123. https://doi.org/10.1007/512224-021-09396-6.

Dixon, Simon J., Sear, David A., Odoni, Nicholas A., Sykes, Tim, Lane, Stuart N., 2016. The effects of river restoration on catchment scale flood risk and flood
hydrology. Earth Surf. Process. Landf. 41 (7), 997-1008. https://doi.org/10.1002/esp.3919.

Dormann, Carsten F., Elith, Jane, Bacher, Sven, Buchmann, Carsten, Carl, Gudrun, Carré, Gabriel, Marquéz, Jaime R.Garcia, Gruber, Bernd, Lafourcade, Bruno,
Leitao, Pedro J., Miinkemiiller, Tamara, McClean, Colin, Osborne, Patrick E., Reineking, Bjorn, Schroder, Boris, Skidmore, Andrew K., Zurell, Damaris,
Lautenbach, Sven, 2013. Collinearity: a review of methods to deal with it and a simulation study evaluating their performance. Ecography 36 (1), 27-46. https://
doi.org/10.1111/j.1600-0587.2012.07348.x.

dos Reis Oliveira, Paula C., van der Geest, Harm G., Kraak, Michiel H.S., Westveer, Judith J., Verdonschot, Ralf C.M., Verdonschot, Piet F.M., 2020. Over forty years of
lowland stream restoration: Lessons learned? J. Environ. Manag. 264, 110417 https://doi.org/10.1016/j.jenvman.2020.110417.

Dynesius, Mats, Nilsson, Christer, 1994. Fragmentation and flow regulation of river systems in the northern third of the world. Science 266 (5186), 753-762. https://
doi.org/10.1126/science.266.5186.753.

Elith, Jane, Leathwick, John R., Hastie, Trevor J., 2008. A working guide to boosted regression trees. J. Anim. Ecol. 77, 802-813. https://doi.org/10.1111/j.1365-
2656.2008.01390.x.

Elith, Jane, Graham, Catherine H., P. Anderson, Robert, Dudik, Miroslav, Ferrier, Simon, Guisan, Antoine, J. Hijmans, Robert, Huettmann, Falk, R. Leathwick, John,
Lehmann, Anthony, Li, Jin, G. Lohmann, Lucia, A. Loiselle, Bette, Manion, Glenn, Moritz, Craig, Nakamura, Miguel, Nakazawa, Yoshinori, McC, Jacob,
Overton, M., Townsend Peterson, A., J. Phillips, Steven, Richardson, Karen, Scachetti-Pereira, Ricardo, E. Schapire, Robert, Soberdn, Jorge, Williams, Stephen, S.
Wisz, Mary, E. Zimmermann, Niklaus, 2006. Novel methods improve prediction of species’ distributions from occurrence data. Ecography 29, 129151. https://
doi.org/10.1111/j.2006.0906-7590.04596.x.

European Commission, Directorate-General for Environment. 2022. Nature restoration law — For people, climate, and planet, Publications Office of the European Union,
https://data.europa.eu/doi/10.2779/86148.

Fischer, Hagen S., Michler, Barbara, Fischer, Anton, 2019. High resolution predictive modelling of potential natural vegetation under recent site conditions and future
climate scenarios: Case study Bavaria. Tuexenia 39, 9-40. https://doi.org/10.14471/2018.39.001.

Friedman, Jerome H., 2002. Stochastic gradient boosting. Comput. Stat. Data Anal. 38, 367-378. https://doi.org/10.1016/50167-9473(01)00065-2.

Friedman, Jerome H., Hastie, Trevor, Tibshirani, Robert, 2000. Additive logistic regression: a statistical view of boosting. Ann. Stat. 28, 337-407. https://doi.org/
10.1214/a0s/1016218223.

Fu, Bojie, Liu, Yanxu, Meadows, Michael E., 2023. Ecological restoration for sustainable development in China. Natl. Sci. Rev. 10, nwad033 https://doi.org/10.1093/
nsr/nwad033.

Garcia, Xavier, Benages-Albert, Marta, Buchecker, Matthias, Vall-Casas, Pere, 2020. River rehabilitation: Preference factors and public participation implications.
J. Environ. Plan. Manag. 63 (9), 1528-1549. https://doi.org/10.1080/09640568.2019.1680353.

Gombin, Joél, Ramnath Vaidyanathan, and Vladimir Agafonkin. 2020. concaveman: A Very Fast 2D Concave Hull Algorithm. R package version 1.1.0. URL: CRAN.R-
project.org/package=concaveman.

Gower, John C., 1966. Some distance properties of latent root and vector methods in multivariate analysis. Biometrika 53, 325-338. https://doi.org/10.1093/biomet/
53.3-4.325.

Griler, Benedikt, Pebesma, Edzer, Heuvelink, Gerard, 2016. Spatio-Temporal Interpolation using gstat. R. J. 8 (1), 204-218. https://doi.org/10.32614/RJ-2016-014.

Greenwell, Brandon, Bradley Boehmke, and Jay Cunningham. 2020. gbm: Generalized Boosted Regression Models. R package version 2.1.8. URL: cran.r-project.org/
package=gbm.

Grill, G.linther, Lehner, Bernhard, Thieme, Michele L., Geenen, Bart, Tickner, David, Antonelli, Francesca, Babu, Suresh, Borrelli, Pablo, Cheng, L., Crochetiere, H.,
Ehalt Macedo, Heloisa, Filgueiras, R., Goichot, Marc, Higgins, Jolie, Hogan, Zeb, Lip, B., McClain, Michael E., Meng, Jigang, Mulligan, M., Nilsson, Caroline,
Olden, J.D., Opperman, J., Petry, Paulo, Reidy Liermann, C., Sdenz, Leonardo, Salinas-Rodriguez, Sergio G., Schelle, P., Schmitt, Rafael J.P., Snider, James,
Tan, Florence, Tockner, Klement, Valdujo, Paula Hanna, van Soesbergen, Arnout, Zarfl, Christiane, 2019. Mapping the world’s free-flowing rivers. Nature 569
(7755), 215-221. https://doi.org/10.1038/s41586-019-1111-9.

Han, Sungju, Bubeck, Philip, Thieken, Annegret, Kuhlicke, Christian, 2023. A place-based risk appraisal model for exploring residents’ attitudes toward nature-based
solutions to flood risks. Risk Anal. 00, 1-19. https://doi.org/10.1111/risa.14118.

Hanley, James A., McNeil, Barbara J., 1982. The meaning and use of the area under a receiver operating characteristic (ROC) curve. Radiology 143, 29-36. https://
doi.org/10.1148/radiology.143.1.7063747.

Hein, Thomas, Schwarz, Ulrich, Habersack, Helmut, Nichersu, Iulian, Preiner, Stefan, Willby, Nigel, Weigelhofer, Gabriele, 2016. Current status and restoration
options for floodplains along the Danube River. Sci. Total Environ. 543 (Part A), 778-790. https://doi.org/10.1016/j.scitotenv.2015.09.073.

Hijmans, Robert J. 2020. raster: Geographic Data Analysis and Modeling. R package version 3.4-5. URL: cran.r-project.org/package=raster.

Hijmans, Robert J., Steven Phillips, John Leathwick, and Jane Elith. 2020. dismo: Species Distribution Modeling. R package version 1.3-3. URL: cran.r-project.org/
package=dismo.

Holm, Sture, 1979. A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65-70 https://www.jstor.org/stable/4615733.

Horvath, Ferenc, Molnar, Zsolt, B6loni, J.anos, Pataki, Zs, Polgdr, Laszlo, Révész, Andras, Olah, K., Krasser, D., Illyés, Eszter, 2008. Fact sheet of the META database.
Acta Bot. Hung. 50 (Suppl.), 11-34. https://doi.org/10.1556/ABot.50.2008.Suppl.2.

Toana-Toroimac, Gabriela, Liliana Zaharia, Gabriela-Adina Morosanu, Florina Grecu, Kamel Hachemi, 2022. Assessment of Restoration Effects in Riparian. Wetl. Using
Satell. Imag. Case Study Low. Danub. River Wetl. 42 (4), 30. https://doi.org/10.1007/513157-022-01543-9.

Janssen, Philippe, Stella, John C., Répple, Bianca, Gruel, Charles-Robin, Seignemartin, Gabrielle, Pont, Bernard, Dufour, Simon, Piégay, Hervé, 2021. Long-term river
management legacies strongly alter riparian forest attributes and constrain restoration strategies along a large, multi-use river. J. Environ. Manag. 279, 111630
https://doi.org/10.1016/j.jenvman.2020.111630.

13



L. Somodi et al. Global Ecology and Conservation 50 (2024) ¢02859

Johnson, Matthew F., Thorne, Colin R., Castro, Janine M., Kondolf, G.Mathias, Mazzacano, Celeste Searles, Rood, Stewart B., Westbrook, Cherie, 2020. Biomic river
restoration: A new focus for river management. River Res. Appl. 36 (1), 3-12. https://doi.org/10.1002/rra.3529.

Kail, Jochem, Brabec, Karel, Poppe, Michela, Januschke, Kathrin, 2015. The effect of river restoration on fish, macroinvertebrates and aquatic macrophytes: A meta-
analysis. Ecol. Indic. 58, 311-321. https://doi.org/10.1016/j.ecolind.2015.06.011.

Kaymak, Uzay, Ben-David, Arie, Potharst, Rob, 2012. The AUK: A simple alternative to the AUC. Eng. Appl. Artif. Intell. 25 (5), 1082-1089. https://doi.org/10.1016/
j.engappai.2012.02.012.

Kiss, T., Nagy, J., Fehérvari, L., Amissah, G.J., Fiala, K., Sipos, G., 2021. Increased flood height driven by local factors on a regulated river with a confined floodplain,
Lower Tisza, Hungary. Geomorphology 389, 107858. https://doi.org/10.1016/j.geomorph.2021.107858.

Konrad, Krisztina Dora, Bede-Fazekas, Akos, Molnar, Zsolt, Somodi, Imelda, 2022. Multilayer landscape classification based on potential vegetation. Preslia 94,
631-650. https://doi.org/10.23855/preslia.2022.631.

Konrad, Krisztina Déra, Bede-Fazekas, Akos, Bartha, Sandor, Somodi, Imelda, 2023. Adapting a multiscale approach to assess the compositional diversity of
landscapes. Landsc. Ecol. 38, 2731-2747. https://doi.org/10.1007/510980-023-01759-y.

Kiichler, A.W. 1964. Potential natural vegetation of the conterminous United States. New York (NY): American Geographical Society.

Lehner, Bernhard, Liermann, Catherine Reidy, Revenga, Carmen, Vordsmarty, Charles, Fekete, Baldzs, Crouzet, Philippe, Doll, Petra, Endejan, Marcel, Frenken, Karen,
Magome, Jun, Nilsson, Christer, Robertson, James C., Rodel, Raimund, Sindorf, Nikolai, Wisser, Dominik, 2011. High-resolution mapping of the world’s
reservoirs and dams for sustainable river-flow management. Front. Ecol. Environ. 9 (9), 494-502. https://doi.org/10.1890/100125.

Loczy, D., Kis, E., Schweitzer, F., 2009. Local flood hazards assessed from channel morphometry along the Tisza River in Hungary. Geomorphology 113 (3-4),
200-209. https://doi.org/10.1016/j.geomorph.2009.03.013.

Lubinska-Mielinska, Sandra, Kaminski, Dariusz, Hulisz, Piotr, Krawiec, Arkadiusz, Walczak, Maciej, Lis, Marta, Piernik, Agnieszka, 2022. Inland salt marsh habitat
restoration can be based on artificial flooding. Glob. Ecol. Conserv. 34, e02028.

Marttunen, Mika, Weber, Christine, ;\berg, Ulrika, Lienert, Judit, 2019. Identifying relevant objectives in environmental management decisions: An application to a
national monitoring program for river restoration. Ecol. Indic. 101, 851-866. https://doi.org/10.1016/j.ecolind.2018.11.042.

McDonald, Grant C., Bede-Fazekas, Akos, Ivanov, Anton, Crecco, Lorenzo, Székely, Tamads, Kosztolanyi, Andras, 2022. Landscape and climatic predictors of Kentish
Plover (Charadrius alexandrinus) distributions throughout Kazakhstan. Ibis 164 (4), 949-967. https://doi.org/10.1111/ibi.13070.

Meyerhoff, Jiirgen, Dehnhardt, Alexandra, 2007. The European Water Framework Directive and economic valuation of wetlands: the restoration of floodplains along
the River Elbe. Eur. Environ. 17 (1), 18-36. https://doi.org/10.1002/eet.439.

Molnar, Zsolt, Bir6, Marianna, B6l6ni, Janos, Horvath, Ferenc, 2008. Distribution of the (semi-) natural habitats in Hungary 1. Marshes and grasslands. Acta Bot. Hung.
50 (Supplement-1), 59-105.

Molndr, Zsolt, Bartha, S.andor, Seregélyes, Tibor, Illyés, Eszter, Botta-Dukat, Zoltan, Timar, G.abor, Horvath, Ferenc, Révész, Andras, Kun, Andras, B6l6ni, J.anos,
Bir6, Marianna, Bodonczi, L.4sz16, Jozsef, Aron Deak, Fogarasi, P.éter, Horvath, Andras, Isépy, Istvan, Karas, L.aszl6, Kecskés, Ferenc, Molnar, Csaba,

Ajkai, Adrienne Ortmann-né, Rév, Szilvia, 2007. A grid-based, satellite-image supported, multi-attributed vegetation mapping method (META) (S.). Folia Geobot.
42 (3), 225-247. https://doi.org/10.1007/BF02806465.

Mouton, Ans M., De Baets, Bernard, Goethals, Peter L.M., 2010. Ecological relevance of performance criteria for species distribution models. Ecol. Model. 221 (16),
1995-2002. https://doi.org/10.1016/j.ecolmodel.2010.04.017.

Naimi, Babak, Hamm, Nicholas A.S., Groen, Thoas A., Skidmore, Andrew K., Toxopeus, Albertus G., 2014. Where is positional uncertainty a problem for species
distribution modelling? Ecography 37 (2), 191-203. https://doi.org/10.1111/j.1600-0587.2013.00205.x.

Neuhéuslovd, Zdenka, Moravec, Jaroslav, Chytry, Milan, Lozek, Vojen, Rybnicek, Kamil, Rybnickovd, Eliska, Husova, Miroslava, Grulich, V.it, Jenik, Jan, Sadlo, Ji.f.i,
Jirasek, Jaroslav, Kolbek, Ji.r.i, Wild, Jan, 2001. Potential natural vegetation of the Czech Republic. Braun-Blanquetia 30, 1-80.

Ochs, Konstantin, Egger, Gregory, Weber, Arnd, Ferreira, Teresa, Householder, John Ethan, Schneider, Matthias, 2020. The potential natural vegetation of large river
floodplains-From dynamic to static equilibrium. J. Hydro-Environ. Res. 30, 71-81. https://doi.org/10.1016/j.jher.2020.01.005.

Oksanen, Jari, F. Guillaume Blanchet, Michael Friendly, Roeland Kindt, Pierre Legendre, D. Mcglinn, Peter R. Minchin, R.B. O’hara, Gavin L. Simpson, Peter Solymos,
M. Henry H. Stevens, Eduard Szoecs, and Helene Wagner. 2019 vegan: Community Ecology Package. R package version 2.5-6. — URL: https://CRAN.R-project.
org/package=vegan.

Pasztor, Laszl6, Laborcezi, Annamaria, Takacs, Katalin, Szatmari, Gabor, Dobos, Endre, Illés, Gabor, Bakacsi, Zs6fia, Szab6, Jozsef, 2015. Compilation of novel and
renewed, goal oriented digital soil maps using geostatistical and data mining tools. Hung. Geogr. Bull. 64 (1), 49-64. https://doi.org/10.15201/
hungeobull.64.1.5.

Pebesma, Edzer, 2018. Simple Features for R: Standardized Support for Spatial Vector Data. R. J. 10 (1), 439-446.

Pebesma, Edzer J., 2004. Multivariable geostatistics in S: the gstat package. Comput. Geosci. 30 (7), 683-691. https://doi.org/10.1016/J.CAGEO.2004.03.012.

Pebesma, Edzer J., and Bivand, Roger S.. 2005. Classes and methods for spatial data in R. R News 5 (2). https://cran.r-project.org/doc/Rnews/.

Peters, Bart, Michaél van Buuren, Keesjan van den Herik, Martijn Daalder, Barbara Tempels, Jeroen Rijke, Bas Pedroli. 2021. The Smart Rivers approach: Spatial
quality in flood protection and floodplain restoration projects based on river DNA. Wiley Interdisciplinary Reviews Water 8 (3): e1511. https://doi.org/10.1002/
wat2.1511.

Petraitis, Peter, 2013. Multiple stable states in natural ecosystems. Oxford University Press,, Oxford.

Podani, Janos, 2000. Introduction to the exploration of multivariate biological data. Backhuys, Leiden, The Netherlands.

R Core Team. 2020. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. URL: www.R-project.org.

Rabl, Dominik, Gottsberger, Brigitte, Brehm, Gunnar, Hofhansl, Florian, Fiedler, Konrad, 2020. Moth assemblages in Costa Rica rain forest mirror small-scale
topographic heterogeneity. Biotropica 52 (2), 288-301. https://doi.org/10.1111/btp.12677.

Sahbeni, Ghada, Székely, Baldzs, 2022. Spatial modeling of soil salinity using kriging interpolation techniques: A study case in the Great Hungarian Plain. Eurasia J.
Soil Sci. 11 (2), 102-112. https://doi.org/10.18393/ejss.1013432.

Schapire, Robert E., 2003. The boosting approach to machine learning — an overview. In: Denison, D.D., Hansen, M., Holmes, C., Kohn, R., Mallick, B., Tanner, M.,
Yu, B. (Eds.), MSRI Workshop on Nonlinear Estimation and Classification. Mathematical Sciences Research Institute,, Berkeley.

Schindler, Melanie, Donath, Tobias W., Terwei, André, Ludewig, Kristin, 2022. Effects of flooding duration on the occurrence of three hardwood floodplain forest
species inside and outside a dike relocation area at the Elbe River. Int. Rev. Hydrobiol. 107 (1-2), 100-107. https://doi.org/10.1002/iroh.202002078.

Somodi, Imelda, Molnar, Zsolt, Ewald, Jorg, 2012. Towards a more transparent use of the potential natural vegetation concept — an answer to Chiarucci et al. J. Veg.
Sci. 23, 590-595. https://doi.org/10.1111/7.1654-1103.2011.01378.x.

Somodi, Imelda, Ewald, Jorg, Bede-Fazekas, Akos, Molnér, Zsolt, 2021. The relevance of the concept of potential natural vegetation in the Anthropocene. Plant Ecol.
Divers. 14 (1-2), 13-22. https://doi.org/10.1080/17550874.2021.1984600.

Somodi, Imelda, Molnar, Zsolt, Cziicz, Balint, Bede-Fazekas, Akos, B6loni, Janos, Pasztor, Laszlé, Laborczi, Annamadria, Zimmermann, Niklaus E., 2017.
Implementation and application of multiple potential natural vegetation models — A case study of Hungary. J. Veg. Sci. 28 (6), 1260-1269. https://doi.org/
10.1111/jvs.12564.

Somodi, Imelda, Bede-Fazekas, Akos, Botta-Dukat, Zoltan, Molnar, Zsolt. 2024. Confidence and consistency: a new family of evaluation metrics for potential
distribution models. Ecological Modelling, accepted.

Swets, John A., 1988. Measuring the accuracy of diagnostic systems. Science 240 (4857), 1285-1293. https://doi.org/10.1126/science.3287615.

Szalai, Sandor, 1. Auer, J. Hiebl, J. Milkovich, T. Radim, P. Stepanek, Zita Bihari, Ménika Lakatos, Tamas Szentimrey, D. Limanowka, J. Spinoni. 2013. Climate of the
greater Carpathian region. Final technical report. Retrieved from www.carpatclim-eu.org.

Theodoropoulos, Christos, Stamou, Anastasios, Vardakas, Leonidas, Papadaki, Christina, Dimitriou, Elias, Skoulikidis, Nikolaos, Kalogianni, Eleni, 2020. River
restoration is prone to failure unless pre-optimized within a mechanistic ecological framework| Insights from a model-based case study. Water Res. 173, 115550
https://doi.org/10.1016/j.watres.2020.115550.

14



L. Somodi et al. Global Ecology and Conservation 50 (2024) ¢02859

Tichy, Lubomir, 1999. Predictive modeling of the potential natural vegetation in the Podyji National Park, Czech Republic. Folia Geobot. 34, 243-252. https://doi.
org/10.1007/BF02913398.

Tockner, Klement, Christiane Zarfl, and Christopher T. 2021. Robinson, eds. Rivers of Europe. Elsevier.

Torok, Katalin, Csecserits, Aniko, Somodi, Imelda, Kovendi-Jakd, Anna, Halasz, Krisztian, Rédei, Tamds, Halassy, Melinda, 2018. Restoration prioritization for
industrial area applying multiple potential natural vegetation modeling. Restor. Ecol. 26, 476-488. https://doi.org/10.1111/rec.12584.

Tiixen, Reinhold. 1956. Die heutige potentielle natiirliche Vegetation als gegenstand der Vegetationskartierung. Angewandte Pflanzensociologie 13: 5-42.

USGS. 2004. Shuttle Radar Topography Mission, 3 Arc Second scene SRTM_u03_n045e016-SRTM_ff03_n048e022, Unfilled Unfinished 2.0, Global Land Cover Facility.
University of Maryland, College Park, MD, USA.

Van Buuren, Arwin, Potter, Karen, Warner, Jeroen, Fischer, Thomas, 2015. Making space for institutional change? A comparative case study on regime stability &
change in river flood management in the Netherlands & England. Int. J. Water Gov. 3 (3), 81-100.

Velasquez-Tibata, Jorge, Graham, Catherine H., Munch, Stephan B., 2016. Using measurement error models to account for georeferencing error in species distribution
models. Ecography 39 (3), 305-316. https://doi.org/10.1111/ecog.01205.

Vermaat, Jan E., Palt, Martin, Piffady, Jeremy, Putnins, Arturs, Kail, Jochem, 2021. The effect of riparian woodland cover on ecosystem service delivery by river
floodplains: a scenario assessment. Ecosphere 12 (8), e03716. https://doi.org/10.1002/ecs2.3716.

Vizi, David Béla, Fehér, Janos, Lovas, Attila, Kovacs, Sandor, 2018. Modelling of extreme hydrological events on a Tisza river basin pilot area, Hungary. J. Environ.
Geogr. 11 (3-4), 57-66.

Vizi, David Béla, Pravetz, Tamas . 2020. The possibilities of improving the conveyance capacity with restoration measures along the Hungarian Middle Tisza River
section, based on a pilot area. Danube News 42 (22): 1-7.

Vuren, Saskia Van, Vriend, Huib J.De, Ouwerkerk, Sonja, Kok, Matthijs, 2005. Stochastic modelling of the impact of flood protection measures along the river Waal in
the Netherlands. Nat. Hazards 36 (1), 81-102. https://doi.org/10.1007/s11069-004-4543-x.

Warner, Jeroen Frank, Arwin Van Buuren, and Jurian Edelenbos, eds., 2012. Making space for the river. IWA publishing.

Whipple, Alison A., Viers, Joshua H., 2019. Coupling landscapes and river flows to restore highly modified rivers. Water Resour. Res. 55 (6), 4512-4532. https://doi.
org/10.1029/2018WR022783.

Wickham, Hadley, 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag,, New York.

Wohl, Ellen, Lane, Stuart N., Wilcox, Andrew C., 2015. The science and practice of river restoration. Water Resour. Res. 51 (8), 5974-5997. https://doi.org/10.1002/
2014WR016874.

Yu, Guangchuang. 2019. scatterpie: Scatter Pie Plot. R package version 0.1.4. URL: CRAN.R-project.org/package=scatterpie.

Zadereev, Egor, Lipka, Oksana, Karimov, Bakhtiyor, Krylenko, Marina, Elias, Victoria, Pinto, Isabel Sousa, Alizade, Valida, Anker, Yaakov, Feest, Alan,
Kuznetsova, Daria, Mader, Andre, Salimov, Rashad, Fischer, Markus, 2020. Overview of past, current, and future ecosystem and biodiversity trends of inland
saline lakes of Europe and Central Asia. Inland Waters 10 (4), 438-452. https://doi.org/10.1080/20442041.2020.1772034.

Zsuffa, Istvan, Bogardi, Janos J., 1995. Floodplain restoration by means of water regime control. Phys. Chem. Earth 20 (3-4), 237-243. https://doi.org/10.1016/
0079-1946(95)00034-8.

15



