
 
 

Water 2019, 11, 2191; doi:10.3390/w11102191 www.mdpi.com/journal/water 

Article 

Modelling Climate Change’s Impact on the Hydrology 
of Natura 2000 Wetland Habitats in the Vistula and 
Odra River Basins in Poland 
Joanna O’Keeffe 1,*, Paweł Marcinkowski 1, Marta Utratna 1, Mikołaj Piniewski 1, Ignacy Kardel 1, 
Zbigniew W. Kundzewicz 2,3 and Tomasz Okruszko 1 

1 Faculty of Civil and Environmental Engineering, Warsaw University of Life Sciences, 02-787 Warsaw, Poland; 
p.marcinkowski@levis.sggw.pl (P.M.); m.utratna@levis.sggw.pl (M.U.); m.piniewski@levis.sggw.pl (M.P.); 
i.kardel@levis.sggw.pl (I.K.); t.okruszko@levis.sggw.pl (T.O.) 

2 Institute for Agricultural and Forest Environment of the Polish Academy of Sciences, 60-809 Poznan, Poland; 
kundzewicz@yahoo.com 

3 Potsdam Institute for Climate Impact Research (PIK), 14473 Potsdam, Germany 
* Correspondence: j.okeeffe@levis.sggw.pl 

Received: 18 September 2019; Accepted: 15 October 2019; Published: 21 October 2019 

Abstract: Climate change is expected to affect the water cycle through changes in precipitation, river 
streamflow, and soil moisture dynamics, and therefore, present a threat to groundwater and surface 
water-fed wetland habitats and their biodiversity. This article examines the past trends and future 
impacts of climate change on riparian, water-dependent habitats within the special areas of 
conservation (SAC) of the Natura 2000 network located within Odra and Vistula River basins in 
Poland. Hydrological modelling using the Soil and Water Assessment Tool (SWAT) was driven by a 
set of nine EURO-CORDEX regional climate models under two greenhouse gas concentration 
trajectories. Changes in the duration of flooding and inundation events were used to assess climate 
change’s impact on surface water-fed wetland habitats. The groundwater-fed wetlands were evaluated 
on the basis of changes in soil water content. Information about the current conservation status, threats, 
and pressures that affect the habitats suggest that the wetlands might dry out. Increased precipitation 
projected for the future causing increased water supply to both surface water and groundwater-fed 
wetlands would lead to beneficial outcomes for habitats with good, average, or reduced conservation 
status. However, habitats with an excellent conservation status that are already in optimum condition 
could be negatively affected by climate change as increased soil water or duration of overbank flow 
would exceed their tolerance. 

Keywords: conservation status; hydrology; benefits; modelling; SWAT 
 

1. Introduction 

Wetland bio-production has been used by man for many centuries, including fish for protein, peat 
for fuel, and timber and reeds for building materials [1]. More recently, it has been shown that wetlands 
play a vital role in the hydrological cycle, controlling flood generation, groundwater recharge, dry 
season flows [2], and water quality [3]. In order to maintain ecosystem services, it is essential to keep an 
appropriate hydrological regime within a wetland. This regime is related to the source of water which 
is different for specific kinds of wetlands [4] and may be altered by rising temperatures and changing 
patterns of precipitation [5]. Natural ecosystems are exposed to periodical changes of the habitat state, 
and due to evolution, they are well adapted to a wide range of amplitudes of abiotic conditions. 
However, the rapidity of the ongoing and projected climatic change manifested by rising temperatures 
and different rainfall patterns, combined with high anthropopressure may impact particular ecosystems 
beyond the resilience point, so that they could not bounce back [6]. 
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Climate change and its implied threats are among the utmost challenges of modern times. 
According to Intergovernmental Panel on Climate Change’s (IPCC) Fifth Assessment Report [7], climate 
change will cause substantial alterations in the quality and availability of water resources. Precipitation 
is projected to increase in northern Europe and decrease in southern Europe [8], both yearly and during 
the summer, but changes in central and eastern Europe are more complex. There is a moderate 
agreement amongst large-scale hydrological projections driven by EURO-CORDEX, that hydrological 
extremes (floods and droughts) might be on the rise in this region [9,10]. Assessing and quantifying the 
impacts and vulnerabilities at the global and regional scale is crucial in the context of international and 
national policies and actions for climate change adaptation [7]. It is widely recognized that in the future, 
climate change, increasing water use, and land-use change are likely to affect the flow regimes of 
European rivers. The projected changes in climate are likely to affect wetlands significantly, by 
impacting their spatial extent, distribution, and function [11]. 

Studies projecting climate change’s impact and linking soil water or bankfull flow modelling with 
the well-being of wetlands are rare. An evaluation carried out by Schneider et al. [12,13] focused on the 
effect of climate change on floodplain inundation for the chosen important floodplain wetlands in 
Europe and in the world. That study was performed with the use of the WaterGAP 3 model driven by 
bias-corrected, daily climate data from five different general circulation models (GCMs). House et al. 
[14], with the use of the MIKE-SHE model, investigated the hydrological impacts of climate change on 
a 10 ha, lowland riparian wetland in the UK depending on the degree of groundwater or surface water 
interactions. A study by Holsten et al. [15] used the Soil and Water Integrated Model (SWIM) to 
investigate climate change’s impact on soil moisture in Brandenburg (Germany) and special areas of 
conservation (SACs) located within. No similar studies have been carried out with the use of the Soil 
and Water Assessment Tool (SWAT) model.  

This study assesses climate change-induced hydrological impacts on the wetland habitats of 
Natura 2000 SACs located within the Vistula (Wisła) and Odra river basins in Poland. The assessment 
of climate change’s effects on wetland habitats requires projections of appropriate hydrological 
variables for the watershed. These were developed with the help of the (SWAT) hydrological model set 
up at high resolution (the median modelling unit area was equal to 10.7 km2). The model was driven by 
an ensemble of nine bias-corrected EURO-CORDEX simulations under two representative 
concentration pathways (RCPs): 4.5 and 8.5 for two projection horizons (2024–2050; i.e., near future 
denoted as NF, and 2074–2100, i.e., far future, denoted by FF) and compared to the baseline period 
(1971–2000). The novel component of this research allows us to link climate change’s impact on 
hydrology with Natura 2000’s wetland habitats’ well-being. This was achieved by considering soil water 
content and the duration of flooding and inundation events obtained from the model as proxies of 
wetland habitat’s condition. In order to evaluate the impact of climate change on those hydrological 
variables we compared their values obtained for the two future periods to the equivalent ones from the 
baseline period. The results were set in an ecological context by analyzing the current conservation 
status, threats, and pressures affecting habitats. 

2. Materials and Methods  

2.1. Study Area 

The natural and drained wetlands in Poland cover an area of 4.4 million ha which is approximately 
14.2% of the country’s area. Some 30% of wetlands are mires and 70% are other types of wetlands. Mires 
cover 1.3 million ha which constitutes 4% of the area of the country and it is estimated that “live” 
preserved, peat-accumulating ecosystems occupy an area of 202,000 ha (0.6% of Poland). Fens constitute 
92% of mires, and the largest fens are located in the river valleys of Biebrza and Narew. Bogs cover an 
area of 62,000 ha (4.7% of all the mires) and mostly occur in lakelands, uplands, and in the mountains. 
Transitional bogs cover 3% of the total area of mires in Poland. Over 80% of the area of mires were dried 
to varying degrees and mostly began to be used as meadows and pastures [16]. 
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Other wetlands which do not accumulate peat, cover an area of 3.1 million ha (70% of all wetlands 
and 10% of the country area). Even though they occupy an area larger than mires, they are far less 
researched. There is a lack of detailed data on their area and state of preservation, as most commonly, 
they occur in a patchy mosaic and the range of particular habitats is difficult to assess. Marshes dominate 
among the non-peat accumulating wetlands and swamps are rarer. Marshes can be found in most of the 
river valleys in Poland [16].  

Natura 2000 SACs cover 11.2% (about 3.49 million ha) of the total land area of Poland. Wetlands of 
international importance (RAMSAR areas) designated on the basis of “The Convention on Wetlands of 
International Importance especially as Waterfowl Habitat” consist of 153,400 ha (data from 2018) within 
Poland (which is approximately 0.5% of the country’s area, including inland water bodies) [17]. 

This study focuses on wetland habitats of Natura 2000 SACs located within the two largest river 
basins in Poland, the Vistula and Odra basins (VOB) which cover 88% of the Polish territory (i.e., 
approximately 275,000 km2 of 312,873 km2). Both rivers drain into the southern Baltic Sea. The VOB 
region has a temperate climate. This study did not assess the areas in Northern Poland which drain 
directly to the Baltic Sea. All SACs in Poland and those with wetland habitats chosen for analyzes in the 
VOB are presented in Figure 1. 

 
Figure 1. Location of special areas of conservation (SACs) within the Vistula and Odra basins (VOB) in 
Poland. Color coding represents the type of wetland habitats present in the SACs selected for analysis: 
groundwater-fed (green) and surface water-fed (blue) wetland habitats, and both types of habitats 
(yellow). 
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2.2. Classes of Wetlands according to Hydrological Characteristics 

In order to investigate the riparian vegetation response to stressors and avoid the confusing 
number of terms and names, for the purpose of this work, wetlands were divided into two general 
classes based on major hydrological characteristics; i.e., the source of water. Riparian wetlands where 
surface water plays a dominant role (associated with a river, lake, or pond) can be either covered by 
forest and bushes (mainly alder, poplar, and willow) or by non-forest vegetation; i.e., grasses, sedges 
and reeds. Groundwater and precipitation-fed wetlands where peat has or is being accumulated are 
called mires, which develop on a river valley edge or in higher elevated landscapes. Their basic 
characteristics are given in the subsequent sections. 

2.2.1. Wetlands with a Dominant Role of Surface Water  

One can distinguish two types of surface water-fed wetlands which differ in their lengths of 
inundation. In this paper, it is assumed that a swamp is inundated by shallow water [18] for a relatively 
long period with a substantial number of hummocks or dry land protrusions present on the floodplain. 
Swamps are not always peat-accumulating wetlands, and in a number of cases, the major soil type 
developing in those areas is alluvium. This is contradictory to fens and bogs which accumulate peat. 
Due to environmental conditions, swamp vegetation is adapted to growth in stagnating or slowly 
flowing water. As the water in swamps is rich in tannins from decaying vegetation, it has a characteristic 
brownish color. Swamps are usually associated with adjacent rivers or lakes.  

A marsh has less open water than a swamp but is frequently inundated. The flooding phenomenon 
is much more dynamic, leading to the development of alluvial soils. Moreover, in contrast to a swamp, 
a marsh has no woody vegetation and is dominated by grasses, rushes, reeds, and sedges. A marsh 
obtains most of its water supply from surface water, and sometimes it is also fed by groundwater. 
Nutrients are abundant and the pH is usually neutral which causes an abundance of plant and animal 
life. Plants are rooted in mineral soil substrate and they are well adapted to saturated soil conditions 
over long time periods. Marshes are often grazed by wild animals and domestic cattle which suppress 
woody vegetation and maintain grassland communities [16,19]. 

2.2.2. Wetlands with a Dominant Role of Groundwater 

On the basis of the main source of water, mires can be divided into bogs (fed by rain) and fens (fed 
by groundwater). The term peatland is used for areas of peat accumulation which are being drained for 
agricultural farming, peat extraction, or any other purposes.  

Fens usually form in land depressions or river valley bottoms and are fed mainly by groundwater, 
but often have additional inputs of surface water and rain. Nutrient and mineral supply to vegetation 
is provided by water’s movement through the shallow peat layers. Due to alkalinity, fen vegetation is 
dominated by grasses (mostly sedges), reeds, and trees communities, such as birches (Betula L.), willows 
(Salix sp.), and alders (Alnus sp.). 

Bogs can form either in locations where rainfall has no drainage network and causes local 
inundations over a long period, or where the peat layer builds-up and then isolates the fen from its 
groundwater supply. When that happens, a fen is fed only by direct rainfall, receives less nutrients, and 
could grow above the fen level and transform into an acidic bog. Rain, besides washing the hydroxide 
ions out of the peat, adds carbonic acid from carbon dioxide dissolved in rain water, making the soil pH 
more acidic. Nutrients are provided to bogs solely by precipitation. The presence of vegetation adapted 
to acidic conditions, e.g., Sphagnum moss and small sedges, pines, and dwarf birches, is characteristic of 
bogs [16,19].  

2.3. Data on Wetland Habitats in Poland 

As we were not able to acquire data for all Polish wetlands, we conducted an analysis using the 
GIS data on SACs and wetland habitats in Poland protected under the Habitat Directive [20] and 
managed by the General Directorate for Environmental Protection (GDEP) [21]. We assumed that 
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projections done for those areas would give us good, representative information on the fate of important 
wetlands under changing climatic conditions. Habitats located within the Natura 2000 SACs and 
recognized as representative for the surface and groundwater-fed wetlands are presented in Table 1. 
Out of 13 habitat types that depend on either surface water or groundwater, nine were present in the 
VOB and suitable for further analysis (in bold in Table 1).  

Table 1. The Natura 2000 habitats occurring in Poland and fed by groundwater or surface waters (in 
bold habitats assessed in this study). 

Natura 2000 Habitats (with codes) Surface Water-Fed Groundwater-Fed 
Wetlands   

7110—Active raised bogs  • 
7120—Degraded raised bogs still capable of natural regeneration  • 

7140—Transition mires and quaking bogs  • 
7150—Depressions on peat substrates of the Rhynchosporion  • 

7210—Calcareous fens with Cladium mariscus and species of the 
Caricion davallianae 

 • 

7220—Petrifying springs with tufa formation (Cratoneurion)  • 
7230—Alkaline fens  • 

Heaths, meadows   
4010—Northern Atlantic wet heaths with Erica tetralix  • 

6410—Molinia meadows on calcareous, peaty or clayey-silt-laden 
soils (Molinion caeruleae)  • 

6430—Hydrophilous tall herb fringe communities of plains and 
of the montane to alpine levels •  

Forests and woodlands   
91D0—Bog woodland  • 

91E0—Alluvial forests with Alnus glutinosa and Fraxinus 
excelsior (Alno-Padion, Alnion incanae, Salicion albae) •  

91F0—Riparian mixed forests of Quercus robur, Ulmus laevis 
and Ulmus minor, Fraxinus excelsior or Fraxinus angustifolia, 

along the large rivers (Ulmenion minoris) 
•  

A grouping of Natura 2000 wetland habitats into surface water or groundwater-fed was carried 
out in order to gather the habitat types in communities with similar preferences for hydrologic features. 
The three surface water-fed habitat types were analyzed separately: 6430—hydrophilous, tall-herb 
fringe communities of plains and of the montane to alpine levels; 91E0—alluvial forests with Alnus 
glutinosa and Fraxinus excelsior (Alno-Padion, Alnion incanae, Salicion albae); and 91F0—riparian mixed 
forests of Quercus robur, Ulmus laevis, and Ulmus minor, Fraxinus excelsior, or Fraxinus angustifolia, along 
the great rivers (Ulmenion minoris). The six habitat types relying on groundwater were split into three 
groups and analyzed independently. The first group contained the class 91D0—bog woodland. The 
second group consisted of two types of fens: 7210—calcareous fens with Cladium mariscus and species 
of Caricion davallianae and 7230—alkaline fens. The third group included bogs: 7110—active raised bogs; 
7120—degraded raised bogs still capable of natural regeneration and 7140—transition mires and 
quaking bogs. Only a portion (see Table 2) of Natura 2000 wetland habitat areas in Poland was suitable 
for this study due to procedures described in Sections 2.4.3 and 2.4.4. The share of Natura 2000 wetland 
habitat area in Poland analysed in this project amounted to a maximum of 31.37% (habitat 7120), 
minimum of 6.01% (habitat 7210), and averaged to 15.19% (Table 2). This was judged to be a 
representative sample. 
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Table 2. Comparison of average and total Natura 2000 wetland habitat area (km2) in Poland to area of habitats analyzed in this project. Percentage of total wetland 
habitat area in Poland analyzed in this project. 

Type of Water 
Supply 

Natura 2000 Habitats Average Area (km2) Total Area (km2) 
Share of Wetland Habitat Area in Poland Analysed in This Project (%) 

Code Poland Project Poland Project 

Surface water-fed 
6430 0.02 0.03 15.76 1.80 11.40 
91E0 0.02 0.04 1437.49 231.45 16.10 
91F0 0.03 0.08 347.65 46.34 13.33 

Groundwater-fed 

91D0 0.03 0.04 649.16 74.47 11.47 
7110 0.03 0.08 51.35 6.27 12.22 
7120 0.03 0.14 23.84 7.48 31.37 
7140 0.02 0.04 153.34 14.78 9.64 
7210 0.08 0.15 15.26 0.92 6.01 
7230 0.03 0.04 23.18 5.84 25.19 
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2.4. Hydrological Modelling Approach 

2.4.1. Modelling with the Use of SWAT 

SWAT is a process-based, continuous-time model which simulates hydrology on a catchment scale 
with a daily time step [22]. It is a complex tool designed to enable simulations of long-term impacts of 
land use and climate changes on water, sediment, and nutrient conditions. In this study, we built upon 
the existing, extensively calibrated and validated SWAT model of the VOB [23]. Two output variables 
simulated by SWAT were of main interest: streamflow (m3 s−1) and soil water content (amount of water 
in the soil profile, mm). 

In SWAT, river basins are divided into sub-basins, which are then split into hydrological response 
units (HRUs). An HRU is a combination of land cover, soil, and slope overlaid within each sub-basin. 
Water balance components (such as water yield, which includes evapotranspiration; soil water content; 
and percolation) are calculated separately for individual HRUs and then aggregated at the sub-basin 
level. Three components contribute to water yield (and streamflow) in SWAT: surface runoff, lateral 
flow, and groundwater flow (baseflow). Water yield reaching the stream network is routed to the outlet 
of the basin. The median sub-basin and HRU areas for this model setup were 115 km² and 10.7 km², 
respectively [23]. 

2.4.2. Climate Change Scenarios 

For the purpose of this paper, SWAT was driven by climate forcing data from the CHASE-PL 
Climate Projections: 5 km Gridded Daily Precipitation and Temperature Dataset (CPLCP-GDPT5) [24]. 
This dataset includes projections from an ensemble of nine bias-corrected climate model simulations 
from the EURO-CORDEX data set [8] up to the year 2100 and under two RCPs, called 4.5 and 8.5. The 
RCPs are plausible scenarios (based on various assumptions on future atmospheric concentrations of 
greenhouse gases and socio-economic development) towards reaching specific trajectories of target 
radiative forcing [25]. Two RCPs used in this paper correspond to the 4.5 W m−2 and 8.5 W m−2 levels of 
radiative forcing in the year 2100. The SWAT model runs represent pure climate change effects, 
assuming constant land use, which is typical for most hydrological impact studies. 

The projected mean annual temperature in Poland is expected to rise by approximately 1.1 °C in 
the NF (near future, 2021–2050) and 2 °C in the FF (far future, 2071–2100) under the RCP 4.5, with a 
strong seasonal variation: the highest change occurs in winter (2.5 °C in FF) and the lowest in summer 
(1.7 °C in FF). For the RCP 8.5 scenario, the temperature increase rate seem to quicken in the second half 
of the century, reaching a mean of 3.6 °C in FF, whereas in NF, it is alike to RCP 4.5 (1.3 °C versus 1.1 
°C). Poland is expected to get more precipitation in the future and for all seasons (with the highest 
increase in winter and spring). In the intermediate emission scenario (RCP 4.5), the projected annual 
mean precipitation increase is approximately 6% in NF and 10% in FF, while for RCP 8.5, the projections 
show a 16% increase in FF [26]. 

2.4.3. Assessment of Flooding Events 

The magnitude, timing, and duration of inundation influences the abiotic conditions in floodplain 
ecotones [27]. Flood duration impacts abiotic soil conditions, the amount of fine sediment settlement, 
and groundwater contact [28]. The quality and functioning of floodplain wetland ecosystems that have 
evolved under, and are dependent on regular inundation, are vulnerable to hydrological alterations. 
Inundation (flooding) assures floodplain aquatic connectivity and allows the transport of matter and 
organisms [13,29]. Plant roots cannot function properly if they are experiencing excess inundation which 
cuts off or limits the availability of oxygen. Washing out nutrients and irreversible root decay caused 
by too much water results in the plant wilting [30]. Too much water can also cause washing out nutrients 
and irreversible root decay. If there is not enough water supplied by inundation and flooding and falls 
below some (species-specific) levels, plants suffer from water stress and decrease their physiological 
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activities. This affects the transpiration rate, biomass production, and carbon assimilation and 
eventually causes wilting [31,32]. 

Assessment of impact of climate change on surface water-fed wetlands was carried out with the 
use of streamflow simulations obtained from the SWAT model for the particular river sections with the 
support of GIS tools. Out of all the SACs acquired from the GDEP [21], surface water-fed habitats located 
within the Vistula and Odra catchments were chosen. The next steps included linking sub-basin outlets 
to SACs by checking if the river network and land use data from SWAT sub-basins represented a 
wetland and if a geodetic wet cross-section of the river was available. Wet cross-sections were obtained 
during a nationwide project [33]. Measurements were carried out upstream and downstream from any 
hydro-technical structure, and in natural river-sections, every 1 km, using the real-time kinematic 
Global Positioning System (RTK GPS) technique combined with bathymetry of the channel bed. The 
land part of these sections covered the embankments and went out 5–20 m beyond the riverbed. The 
rest of the cross-section included the entire floodplain terrace and was developed from LIDAR images 
with a density of 4 beams per 1 m2. The combined data formed one cross section perpendicular to the 
valley [33]. The river-cross sections allowed for a manual, visual assessment, based on the topography 
of the river valley of the water table level at which bankfull flow occurs. Bankfull flow takes place when 
the channel is full to its capacity (to the top of the banks) and the flow begins to enter the active 
floodplain [34]. It is a suitable parameter for large-scale modelling, especially for the analysis of 
environmental flows and flood-related hydrological processes [28]. The calculation of bankfull flow was 
carried out with the use of the Manning equation. This procedure determined 30 SACs suitable for 
analysis (Figure 1). Each SAC was associated with a single SWAT river sub-basin and contained one or 
more of the considered habitats. 

Obtaining the projected daily streamflow for the future scenarios allowed us to assess how the 
yearly number of days when streamflow exceeded bankfull flow (NOD) changes in comparison to the 
baseline scenario. Due to seasonal variation in the occurrence of flooding and inundation [35], a yearly 
time step was chosen for the assessment of the number of days when streamflow exceeds bankfull flow, 
instead of looking at, e.g., only the growing season. The NOD for each cross-section was calculated. It 
was decided that this indicator represents the hydrological requirements of the chosen habitats 
sufficiently well. If the daily streamflow modelled by SWAT exceeded the threshold of the calculated 
bankfull flow at a given cross-section, then an assumption was made that a flooding event occurred; if 
it was not exceeded then no flooding event occurred. Those calculations were carried out for each cross-
section in 9 climate models for the baseline (1971–2000) and two future horizons (NF and FF) under two 
RCPs 4.5 and 8.5. The NODs from all cross-sections representing a habitat were calculated as a mean 
for each climate model. In the final step, the climate change impact on surface water-fed wetlands was 
presented as the change in the NOD for three different types of Natura 2000 habitats. For two future 
horizons, the calculations were carried out and presented separately for both RCPs studied. The 
uncertainty resulting from the use of nine climate models was addressed by preparing the results as 
box plots (Figure 4). The analysis scheme is presented in Figure 2. 
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Figure 2. Scheme of the analysis procedure for surface water-fed wetlands, where Q_i,SWAT is the 
streamflow obtained from SWAT model and Qbank is the bankfull flow at a given cross-section; the 
NOD is a yearly number of days when streamflow exceeds bankfull flow. 

2.4.4. Soil Water Assessment  

Soil water is of highest importance for vegetation growth and they mutually influence each other 
through the process of transpiration [36,37]. If soil water content decreases below a certain (species-
specific) level, plants experience water stress, during which they decrease their physiological activities. 
This affects the transpiration rate, biomass production, and carbon assimilation and eventually causes 
wilting [30,32]. Excess waterlogging limits or cuts of the supply of oxygen which is essential for roots to 
function properly. Too much water can also cause washing out nutrients and irreversible root decay 
[30]. 

Assessing the groundwater-fed wetlands required a similar approach as for the riparian wetlands: 
acquiring the data on Habitat Directive [20] protected areas, which consists of habitats depending on 
precipitation and groundwater supply (Table 1). As a state indicator, we chose soil water content which 
results from water balance in the wetland area.  

The investigation process was mainly based on a spatial analyzes and the use of the SWAT model’s 
output for particular locations. The entire procedure was supported with GIS tools. The first step 
included selection of SACs, acquired from GDEP, with groundwater-fed habitats located within Vistula 
and Odra catchments. Afterwards, the output map was overlaid with the HRUs to check if they 
contained organic soils (as soil class) and wetland vegetation (as land-use). For each habitat type in a 
given SAC, spatially associated HRUs that fulfilled the aforementioned conditions were attributed. Each 
habitat within a given SAC could be represented by more than one HRU. Each SAC could contain one 
or more of the considered groups of habitats. If the habitat constituted less than 1% of the HRU area, it 
was then considered non-representative, and in consequence, was removed from the analysis. Twelve 
SACs were considered in further analysis (Figure 1).  

Available water capacity (AWC) of the soil layer (mm H2O/mm soil), which is an input for the 
SWAT model, is estimated by determining the amount of water released between in situ field capacity 
(the soil water content at soil matric potential of −0.033 MPa) and the permanent wilting point (the soil 
water content at soil matric potential of −1.5 MPa) [23,38]. The SWAT model produces as an output 
simulated soil water (SW) as mm of water in a soil column with varying depth, depending on the type 
of soil and location. Soil classes vary in terms of soil retention parameters and are affected by 
climatology, specific for a given area. Due to this fact, the results were normalized by dividing the 
average yearly SW in selected HRUs by AWC of each soil column and expressed in dimensionless units. 
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Normalized data enables a better spatial comparison across a large-scale study [39]. This method 
allowed for a comparison of results between different soil types. Surface water-fed wetland 
characteristics are maintained by periodic waterlogging which typically occurs with a seasonal variation 
[35], so it was decided to asses SW in a yearly time step rather than looking at, e.g., only the growing 
season. 

The significance of changes in the ratio between SW and AWC for groundwater-fed habitats was 
assessed by interpreting the magnitude of impact on habitats, based on SWAT model simulations run 
under 4.5 and 8.5 RCP scenarios, nine climate change projections, and two time horizons: NF and FF for 
each combination of SAC-habitat type-climate projection–RCP scenario. For two future horizons, the 
calculations were carried out and presented separately for both studied RCPs. The uncertainty resulting 
from the use of nine climate models was addressed by preparing the results as box plots (Figure 5). The 
analysis scheme is presented in Figure 3. 

 
Figure 3. Scheme of the analysis procedure for groundwater-fed wetlands, where SW is soil water and 
AWC is available water capacity. 

2.4.5. Analysis of the Current Conservation Status, Threats, and Pressures Affecting Habitats 

To assess the current condition of wetland habitats within the VOB, we reviewed the available 
resources. Information on (1) the conservation status of habitats and (2) the threats to maintaining a 
good habitat condition was extracted from the Standard Data Forms (SDF) for analyzed Natura 2000 
SACs [40]. The SDFs contain a description of the site and its ecology. The analyzed SDFs were updated 
in 2017 and are available on the website of GDEP (http://natura2000.gdos.gov.pl/). 

Conservation status included in the SDFs is the degree of conservation of the structure and 
functions of the considered natural habitat type and its restoration possibilities. This assessment 
criterion comprises three sub-criteria: (i) the degree of conservation of the structure, (ii) degree of 
conservation of the functions, and (iii) restoration possibility. For each SAC, the information on the 
conservation status of habitats of interest was gathered. The grading of this status was: (A) excellent 
conservation, (B) good conservation, and (C) average or reduced conservation. A habitat type that was 
present on the analyzed site in a non-significant manner was included in category (D)—non-significant 
presence. One of the aims of the Natura 2000 Network is to ensure that habitats are restored to, or 
maintained at, a favorable conservation status [41,42]. The information gathered was used to assess 
whether the current state of analyzed habitat in a given SAC was in its optimum condition (A) or had 
been already impacted by stressors and had a status B, C, or D. 

Threats and pressures to maintaining a good habitat condition in SACs were narrowed down to 
those related to hydrology and grouped into two categories: (1) drying out (including K01.03—drying 
out; M01.02—droughts and less precipitations; J02.04.02—lack of flooding; J02.03—canalization and 
water deviation; J02.03.01—large scale water deviation; J02.03.02—canalization; J02.05—modification of 
hydrographic functioning, general) and (2) inundation: (L08—inundation (natural processes)). This 
information gave a wider view on what the stressors currently affecting habitats of interest were. 
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Gathering the information about current conservation status of habitats, threats, and pressures 
affecting SACs determined whether the projected changes in the average flooding duration and soil 
water could become an additional stressor or have a beneficial impact on further possibilities of 
maintaining or achieving an excellent conservation status “A” and eliminating or intensifying the 
threats. The analysis of the possible climate change impact on the habitat’s conservation status will be 
carried out in the discussion. 

Due to a time discrepancy between information included in the Natura 2000 SDF and the shapefile 
layer of habitats obtained from GDEP, a given habitat may not appear in the SDF, but it may exist in the 
shapefile layer. If such a situation occurred, we assumed that such a habitat existed within the SAC, but 
was probably too small to be included in the SDF; therefore, it was included in the analysis with a 
conservation status D (assigned by authors).  

3. Results 

3.1. Climate Change’s Effect on Surface Water-Fed Wetlands 

According to Figure 4, the impact of climate change on surface water-fed habitats is rising along 
with the increase in the RCP scenario and time horizon. The NOD is projected to increase for all three 
types of habitats; values for RCP 4.5 and 8.5 in NF are similar; in FF, the discrepancy between the two 
RCPs is larger. The minimum and maximum values of the NOD spread out further and are more 
divergent in the FF. The highest changes in the NOD are projected for riparian mixed forests (91FO) and 
the lowest for Hydrophilous tall herb fringe communities of plains and of the montane to alpine levels 
(6430). The number of analyzed sub-basins and SACs for given habitats are presented in Table 3. 

3.2. Climate Change Effect on Groundwater-Fed Wetlands 

The impact of climate change on groundwater-fed habitats, according to Figure 5, is projected to 
slightly increase the SW/AWC. Impact rises along with the increase in the RCP scenario and time 
horizon. The SW/AWC is projected to increase for bog and fen habitats, while for bog woodlands, the 
results show ambiguity. Median SW/AWC values are similar in NF, when comparing results for RCP 
4.5 and 8.5. For FF, the median value is higher for RCP 8.5. The projected changes are expected to have 
the largest impact on bogs which show the highest increase in soil water and the lowest on bog 
woodlands. As indicated by the span of the outliers, the uncertainty of the results is high, mostly in the 
NF scenarios but also for the historical period. The presence of outliers might suggest that the soil water 
content parameter is more sensitive to climate change and also more uncertain than NOD. 
Groundwater-fed habitats are strongly dependent on vegetation which directly uptakes the water from 
the soil profile. This means that their intensive growth is regulated not only by water supply but also 
air temperature, which for some climate models, might be higher and may cause higher 
evapotranspiration and water uptake from the soil profile. The number of analyzed HRUs and SACs 
for given habitats are presented in Table 3. 
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(a) (b) (c) 

Figure 4. Projected changes in yearly number of days when streamflow exceeds bankfull flow (NOD) for habitat: (a) 6430—hydrophilous, tall-herb fringe communities 
of plains and of the montane to alpine levels, (b) 91E0—alluvial forests with Alnus glutinosa and Fraxinus excelsior (Alno-Padion, Alnion incanae, Salicion albae); (c) 91F0—
riparian mixed forests of Quercus robur, Ulmus laevis, and Ulmus minor, Fraxinus excelsior, or Fraxinus angustifolia, along the large rivers (Ulmenion minoris) in RCP 4.5 
(blue) and 8.5 (orange), and the baseline scenario (green). 
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(a) (b) (c) 

Figure 5. Projected changes of soil water (SW) in relation to available water capacity (AWC) for habitat: (a) bog woodland (91D0—bog woodland); (b) bog habitats 
(7110—active raised bog; 7140—transition mires and quaking bogs; 7120—degraded raised bogs still capable of natural regeneration), (c) fen habitats (7210—calcareous 
fens with Cladium mariscus and a species of the Caricion davallianae, 7230—alkaline fens) in RCP 4.5 (blue), 8.5 (orange), and the baseline scenario (green). 
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3.3. Current Habitat Conservation Status, Threats, and Pressures 

Approximately half (51%) of the analyzed SACs with surface water-fed habitats have identified 
threats connected to drying out (Table 3). On average, 85% of the analyzed habitats have a conservation 
status B (good), C (average or reduced), or D (non-significant presence), and just a few have status A 
(excellent). The number of threats for habitats 6430 and 91F0 is 1.7 threats per SAC and for habitat 91E0 
is 1.4 threats per SAC. Only two SACs with surface water-fed habitats are threatened with inundation: 
one with A conservation status and second with D status.  

The number of considered SACs with groundwater-fed habitats is smaller than for surface water-
fed habitats. Over half (54%) of the analyzed SACs are threatened with drying out, but none of them are 
threatened with inundation. For bogs and fens, all the analyzed habitats within the SACs have a 
conservation status B, C, or D. None of the groundwater-fed habitats have a conservation status A. There 
is approximately one threat per SAC.  

Summaries of the results are presented in Table 3, and Figures A1 and A2 in the Appendix.
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Table 3. Number of SWAT sub-basins and hydrologic response units (HRUs) included in the analysis for given types of habitats within the Vistula and Odra basins with 
an assessment of threats connected to drying out and inundation according to the conservation status of SACs (A or B, C, D). Number of threats identified within all the 
considered SACs (threats and pressures of drying out: K01.03—drying out; M01.02—droughts and less precipitations; J02.04.02—lack of flooding; J02.03—canalization and 
water deviation; J02.03.01—large scale water deviation; J02.03.02—canalization; J02.05—modification of hydrographic functioning, general and threats and pressures of 
inundation: L08—inundation (natural processes)). 

Type of 
Water 

Supply 

Habitat 
Type 

No. of 
Analyzed 

Sub-
Basins 

No. of 
Analyzed 

HRU 

No. of 
Analyzed 

SACs 

No. of 
SACs 
with 

Identified 
Threats 

and 
Pressures 

Threat of Drying Out Threat of Inundation 
No. of 

Analyzed 
Sub-

Basins or 
HRU (B, C, 

D) 

No. of 
Threats 
(B, C, D) 

No. of 
Analyzed 

Sub-
Basins or 
HRU (A) 

No. of 
Threats 

(A) 

No. of 
Analyzed 

Sub-
Basins or 

HRU (B, C, 
D) 

No. of 
Threats 
(B, C, D) 

No. of  
Analyzed 

Sub-
Basins or 
HRU (A) 

No. of 
Threats 

(A) 

Surface 
water-fed 

6430 13 
 

13 7 5 10 2 2 0 0 0 0 
91E0 30 30 17 14 22 1 1 1 1 1 1 
91F0 15 15 7 7 12 0 0 0 0 0 0 

Groundwat
er-fed 

Bog 
woodlands 

91D0 

 

34 8 5 3 5 2 2 0 0 0 0 

Bogs (7110, 
7120 and 

7140) 
8 5 2 2 2 0 0 0 0 0 0 

Fens (7210 
and 7230) 

10 5 3 3 3 0 0 0 0 0 0 
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SACs with surface water-fed habitats which are under the highest number of threats are: Solecka 
Dolina Wisły (four); Dolina Środkowej Pilicy (three); and for groundwater-fed habitats: Lasy 
Sobiborskie and Puszcza Białowieska (two). The most commonly occurring threats within the study 
were: J02.03—canalization and water deviation (10 SACs), J02.05—modification of hydrographic 
functioning, general (seven SACs), K01.03—drying out (six SACs) (Figures A1 and A2). Only two SACs 
are threatened with inundation and concern habitat 91E0. A list of analyzed SACs with conservation 
status and threats that apply to them are presented in Figures A1 and A2 in the Appendix. 

4. Discussion 

Climate change projections prepared for the VOB suggest predominantly an increase in seasonal 
and annual runoff [23,43]. This partly explains the increases in other hydrological variables reported in 
this study. The data acquired from the SWAT model forced by rainfall and temperature projections 
show, for the majority of rivers in the Vistula and Odra basins, an increase in high and low flows and 
soil water [44]. Increasing trends are visible for NOD and SW/AWC, but changes are more significant 
for NOD, which suggests that surface water-fed wetlands will be more impacted by climate change. The 
rate of these increases is higher for the long-term future than for the near future; the same pattern is 
apparent for RCPs where changes in 8.5 are larger than in RCP 4.5. This suggests that wetland habitats 
which are well adapted to moist conditions should be the least affected by climate change.  

The established modelling framework is a simplified representation of the ecological interactions 
and does not contain all the factors responsible for presence of a particular ecosystem. This approach is 
suitable for larger scales (river basin or country-scale) and transferring the framework to other 
catchments. This study focuses on the sole effect of climate change on hydrology, without other 
disturbances and man-made alterations, such as dams, water abstractions, and land-use changes. While 
focusing on mean values from long periods of time, information on the variability of wet and dry years 
and the amplitude was lost. As indicated by the outliers in Figures 4 and 5, the results are highly 
uncertain. The current regional soil water pattern depends on the spatio-temporal interaction and 
distribution of temperature, soil texture, radiation, and atmospheric CO2 [32]. The last two components 
were not included in the SWAT model set up for VOB.  

Most of the climate change projections for Eastern Europe show a decrease in the flooding duration; 
therefore, this study deals with an opposite situation. A study conducted by Schneider et al. [45] 
projected a decrease in flood volume for inundation and duration of overbank flows in Central and 
Eastern European rivers. Projections carried out by Dankers and Feyen [46] found a significant decrease 
in the occurrence of flood hazards in the northeast of Europe. Simulations prepared for global Ramsar 
sites by Schneider et al. [12] showed a significant decrease in flood pulses in 8% of them. Eastern Europe 
could become a hotspot of further flow modifications due to climate change [12]. Overall, it should be 
noted that there are numerous reasons why hydrological projections differ, so a direct comparison to 
other studies is usually hampered with methodological differences [47]. 

Numerous studies for temperate climates project a decrease in soil water of riparian areas, 
wetlands, and groundwater-dependent ecosystems due to climate change [32,48]. Similar trends are 
projected for other parts of Europe [49,50]. This study, along with several others, indicates a reverse 
trend. A clear increase in relative soil water content for terrestrial ecosystems in the regions north of ~50° N, which include Poland, was projected by Gerten et al. [32] for all prepared climate scenarios. A 
modelling study carried out by Holsten et al. [15] for the German state of Brandenburg projected, for all 
climate realizations, a decrease of average soil water content of 4% to 15% by 2050. The same study also 
found that available soil water content in SACs was higher while soil water dynamics were lower, 
mostly due to their favorable edaphic conditions. SACs within Brandenburg showed stronger absolute 
and relative changes in the projected trends for the past and future in comparison to the whole state, 
which indicates a high level of risk for wetland areas. Under the conditions of climate change, soil water 
content in SACs is projected to remain higher than average, and therefore, SACs have an important 
function as buffers [15]. Similar results were obtained for wetland habitats within SACs in VOB in this 
study. 
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4.1. Change in the Habitat Conservation Status 

The important implication of our study is the possible impact of increases of SW/AWC and NOD 
on the analyzed habitats. Information about the current conservation status of habitats, threats, and 
pressures affecting SACs determines whether the projected changes in the average flooding duration 
and soil water could become an additional stressor or have a beneficial impact on further possibilities 
of maintaining or achieving an excellent conservation status “A” for habitats. In Webb et al. [51], the eco 
evidence method for systematic review was used to analyze literature for evidence of relationships 
between components of wetland water regimes (waterlogging, inundation, depth, duration, frequency, 
and timing) and their effects on riparian plant establishment, growth, reproduction, assemblage 
composition, and diversity. Waterlogging in the Webb et al. [51] study applies to the substrate when it 
is inundated, but not above soil level or when it is at field capacity (compared to dry or well-drained 
substrates). Inundation (submersion) refers to the situation when the water is present above soil level. 
Depth, duration, frequency, and timing relate to inundation events. Plant assemblage composition and 
diversity is relevant for this study. Due to the tools that were available for this study, it was possible to 
analyze waterlogging, inundation, and the duration of flooding. Waterlogging applies to groundwater-
fed wetlands and inundation to surface water-fed wetlands (Table 4). 

Table 4. Causal criteria analysis results for hypotheses linking changes in wetland plant assemblage-
composition and plant diversity, to increases in components of the water regime according to a 
systematic review carried out in [52]. 

Components of 
Water Regime 

Plant Assemblage Composition Plant Diversity 

Waterlogging Insufficient evidence Insufficient evidence 

Inundation Inundation affects plant assemblage 
composition 

Inundation decreases plant diversity 

Duration of 
inundation  

Inundation duration affects plant 
assemblage composition 

Increasing flood duration does not 
increase plant diversity 

Climate change is likely to affect the water regime, and in the light of the systematic review 
presented in [51], this will impact and alter the abiotic conditions important for wetlands. The literature 
supports the hypotheses that inundation and flood duration alter the composition of wetland plant 
assemblages. There was insufficient evidence to examine the effects of waterlogging on plant 
assemblages and diversity occurring in wetlands. Support was found for the hypothesis that inundation 
reduces plant diversity. It was concluded that increasing flood duration does not increase plant diversity 
[51].  

Assuming that the habitats with excellent conservation status (A) are at their optimum, they could 
be the most affected by climate change, as increased soil water or overbank flow can exceed their 
tolerance. Surface water-fed habitats with status A, which are already in their optimum condition, might 
be subject to an increase in the duration of inundation expressed as NOD. Habitats with non-significant 
presence indicated as conservation status D and threatened by drying out could encounter opportunities 
to extend their range. Habitats with conservation status B (good), C (average or reduced), threatened 
with drying out, in the projected wetter conditions, could benefit from the changing climate. The scale 
of this potential improvement cannot be assessed in this study due to internal mechanisms of habitats 
that were not included here.  

4.2. Impact on Analyzed Habitats 

One of the primary determinants of species distribution is water availability, which also impacts 
community composition, ecosystem processes, and services like carbon sequestration [52]. Climate 
conditions and land use affect water availability. The likely result of anthropogenic climate and land-
use change is the alteration of the hydrology of a substantial portion of the global terrestrial ecosystems 
[53–56]. Thus, there is a clear need to develop models suitable for simulating soil moisture and other 
hydrological conditions [52]. 
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According to a study by Schneider et al. [13], focusing on habitats 91E0 and 91F0, extreme floods 
should occur at least every 10–20 years in order to halt the succession to a terrestrial forest. Richter and 
Richter [57] found that 125% of bankfull can be essential to create new pioneer sites along meandering 
rivers to colonize by succession precursors of alluvial and riparian forests. In order to maintain optimal 
conditions, flooding should occur for less than 40 days/year. The duration of the flood event should be 
no longer than 60% of the growing season and not two seasons in a row, which would give no time for 
the recovery of the habitat. Recruitment does not occur when the habitat is flooded more than 30–40% 
of the growing season [58]. Chronic increase in summer inundation can impact species composition in 
existing sites [13]. Flooding tolerance classes according to Glenz et al. [58] describe Alnus glutinosa as 
having a very high tolerance and Fraxinus excelsior an intermediate flooding tolerance. Both of those tree 
species are included in habitat 91E0—alluvial forests. For riparian mixed forests 91E0, according to 
Glenz et al. [58], Quercus robur, Ulmus minor, and Fraxinus excelsior have an intermediate flooding 
tolerance, while Ulmus laevis and Fraxinus angustifolia were not included in the analysis. 

For 91E0, the NOD for the baseline period has a mean value of 42 days/year (Figure 4b) which is 
very close to condition set by Schneider et al. [13] of 40 days/year in order to maintain optimal 
inundation. For 91F0, it is 56 days (Figure 4c) which already exceeds the optimum value. In the future, 
for both habitats, the NOD is projected to increase even further up to 87 days in FF 8.5 for 91E0 and 108 
days for 91F0. This might indicate that in the future, the NOD will exceed the flooding tolerance of both 
habitats. 

A key factor is the individual habitat or species water condition preferences, but the range of 
tolerance is not available for all the remaining habitats analyzed. Ecohydrological guidelines for wetland 
plant communities available for the UK [59,60] try to tackle this issue, but they do not contain 
information about the optimal number of days with inundation or soil water content for Natura 2000 
habitats. The increase in soil water or in frequency of flooding may trigger biological and ecological 
processes of changes in wetlands, which so far cannot be predicted. Research on this topic is especially 
significant in Natura 2000 SACs, in which there is a legal obligation (Habitats Directive) to ensure that 
the habitats are restored to, or maintained at, a favorable conservation status [42]. According to our 
findings, surface water-fed wetland habitats especially, will face a new standard in their habitats and 
whether they will be able to adapt is uncertain.  

5. Conclusions 

The SWAT modelling results showed a significant increase in the length of inundation and a slight 
increase in soil water content. According to the climate change projections prepared for the Vistula and 
Odra basins, the increase of yearly number of days when streamflow exceeds bankfull flow (NOD) and 
soil water in relation to available water capacity (SW/AWC) would be caused by an increase in 
precipitation and runoff. This study also examined the conservation status of habitats and the threats 
and pressures they are subject to. This allowed the conclusion that habitats that are under the threat of 
drying out might benefit from alterations induced by climate change. As those habitats will experience 
wetter conditions, possibly, with time, the threat of drying out will be reduced or eliminated without 
any man-made measures. Habitats with a conservation status A which are already in optimum 
condition could be negatively affected by climate change, as increased soil water or overbank flow can 
exceed their tolerance. This issue should be addressed by conducting monitoring and research on the 
impact of increased moisture on the long-term condition and of those habitats. 

As most literature focuses on droughts, there is a knowledge gap about climate change and the 
potential increase of water availability. Attention should be placed on the research of waterlogging’s 
impact on the plant community’s composition and diversity, as according to Webb et al. [51] there is an 
insufficient evidence base. An increase in flooding duration and frequency could cause the application 
of flood protection measures. Such a possibility was not included in this research, but should be 
monitored. All flood protection measures should be conducted in such a way as to minimize disturbance 
of natural processes in river valleys. More detailed studies on the possibilities of incorporating the 
hydrotechnical infrastructure in climate change mitigation and adaptation plans are needed.  

The presented issues and projections pose a challenge for the preparation of Natura 2000 
management plans by raising questions on how to include the possible positive impact of climate 
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change on reducing the habitat threats of drying out. The possibilities of fulfilling objectives of the 
Natura 2000 network should also be assessed with the inclusion of climate change projections. This 
study shows that the protection of status quo of wetland habitats within Natura 2000 might encounter 
new challenges caused by climate change. 
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Appendix A 

 
Figure A1. Analysis scheme for identified threats, pressures, and conservation status of surface water-fed habitats within SACs. 
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Figure A2. Analysis scheme for identified threats, pressures, and conservation status of groundwater-fed habitats within SACs.
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