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Abstract: Climate change and water scarcity increase the vulnerability of crop production and
other ecosystem services (ES) in flood-protected lowlands under a continental climate. Restoration of
wetlands leads to a higher water-buffering capacity of the landscape, strengthening various ecosystem
services, and fostering adaptation to climatic, ecological, and agricultural challenges. Such restoration
efforts require extensive land-use change, leading to trade-offs in provisioning and regulating ES.
However, knowledge is limited about these situations, especially in the case of lowland areas. Here,
we introduce a hydrological analysis in a 243 km2 flood-protected catchment in the Great Hungarian
Plain, mapping the potential hydrological effects of water-retention scenarios on groundwater levels.
We point out how the simulated groundwater levels will be used for estimating the changes in
crop yields and tree growth (provisioning services). The introduced hydrological analysis and
preliminary results for crop-yield estimates suggest a significant and scalable capacity for a nature-
based hydrological adaptation: the extent of inundated areas could be increased stepwise and water
retention could locally compensate dry periods due to the buffering effect of inundated meanders.

Keywords: climate-change mitigation; crop yield; groundwater recharge; hydrologic modelling;
provisioning ecosystem service; wetland

1. Introduction

Climate change and anthropogenic activities pose significant challenges to biodiversity
conservation and ecosystem services (ES) [1]. Within a given geographical condition, land-
use types provide various types of ES [2–4]. Land-use patterns have undergone significant
changes worldwide throughout history [1] leading to the expansion of agricultural land
use [1,5–7]. As a result of this trade-off [8], especiallythe regulating ES are threatened
by these human activities [9], which focus on maximizing the provisioning ES [1]. Noth-
ing highlights this process more than wetlands, as these habitats are often drained and
converted for agricultural purposes, resulting in the loss of many vital services [5,10].
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Wetlands have been lost and degraded at alarming rates globally [5,11–13]. Around
3.4 million km2 of wetlands have been lost since 1700 and most were turned into croplands.
This trend is especially relevant in the alluvial plains [7]. In the short term, this process may
be still rational. Drained wetlands provide a high potential for provisioning ecosystem ser-
vices as high groundwater levels and adequate soil moisture lead to higher crop yields [14].
The price of rising flood risk due to draining wetlands is underestimated frequently [15,16].
However, the large amount of plant nutrients released through agricultural cultivation
is a significant source of diffuse emissions to surface water bodies [17–19]. Furthermore,
the loss and degradation of wetlands and free-flowing floodplains have significant conse-
quences for biodiversity, carbon sequestration, and water regulation and can exacerbate
the impacts of climate change [20–24]. Efforts to conserve and restore wetlands (including
natural floodplains) are, therefore, crucial for maintaining the ecosystem services provided
by these important habitats [25,26].

To balance the goals of agriculture, forestry and environmental protection, sustain-
able land use practices are required that prioritize conservation and ecosystem restora-
tion [27–29]. Nature-based solutions that promote the conservation and restoration of
natural environments are gaining recognition as effective strategies for mitigating and
adapting to climate change [30,31]. Wetland agriculture, which is the cultivation of crops
in and around wetland areas, offers an example of a nature-based solution that can pro-
vide a synergy of ESs [8]. This land-use approach offers a great variety of regulating
ecosystem services [32] while also providing better water availability conditions for agri-
cultural/forestry production [23,33]. These could lead to multiple benefits for society:
improved food security, crescent biodiversity, better filtration of nutrients, mitigated ero-
sion, and managed aquifer recharge [34]. Controlled and designed floodplain or wetland
agriculture can be a sustainable way to use these ecosystems while also preserving their
ecological functions [23].

In the 18th and 19th centuries, the Habsburg monarchy initiated large-scale flood-
control projects in Hungary, including the regulation of the Tisza and Danube rivers
and their tributaries, which involved the dredging and widening of river channels and
construction of levees and dams [35,36]. As a result of the great river regulations, crop
production increased significantly in the 19–20th centuries. However, a number of negative
impacts have also been observed and identified [7] and, in the long run, agriculture also
might be among the losers of the process [14].

The Great Hungarian Plain (GHP) is a key crop-producing area within Central Eu-
rope [37]. This alluvial plain is characterized by flat topography and relatively shallow
groundwater tables, making it susceptible to drought, fluvial floods, and inland excess wa-
ter inundation (IEW, periodical surface water coverage or nearly saturated topsoil) [38,39].
The management of water resources has been a priority for policymakers in this region
and several large-scale projects have been implemented to improve water management
and mitigate the impacts of floods and droughts [36]. These include the construction of
emergency flood reservoirs and artificial lakes, the small-scale restoration of wetlands,
and the improvement of irrigation infrastructure [40]. On the contrary, some claim that
the extent of crop production in these former wetlands is a suboptimal land use. Fur-
thermore, it is—partially—sustained through national and European subsidies and by the
governmental maintenance of the flood defence–drainage system [41].

Nowadays, wetland and floodplain restoration and nature-based solutions are start-
ing to gain popularity as potential solutions for water management issues in Hungary,
particularly in the GHP region [40]. The extensive restoration of former wetlands and
floodplains for sustainable agricultural use could potentially mitigate a major part of the
negative effects of the warming climate on crop production in the surrounding landscape,
supporting cropland–wetland conversion as an economically reasonable option. As a
promising approach, it also has the potential to mitigate the conflict between agriculture,
forest management, and environmental protection [23,42,43]. However, restoration efforts
require a collaborative effort from policymakers, land managers, and farmers to ensure the
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long-term success of these restoration projects while also protecting the valuable ecosystem
services of wetlands [23,44]. A multiobjective assessment of land-use practice may be
necessary to exploit provisioning and regulating ES synergies. A reasonable approach
to assessment is (i) the spatially explicit quantification of the hydrological cycle and the
components of the water balance and, based on this, (ii) to map various water-related ESs.
The effects of certain land-use interventions should be a priori assessed, as the availability
of water is essential for maximizing the total ES provided by an area. Without such knowl-
edge, even popular land-management trends like afforestation can lead to contraproductive
results [45].

Plant productivity, such as crop yield or tree growth, is largely driven by water
availability [46,47]. In semiarid regions like the GHP, the soil-moisture surplus provided
by shallow groundwater can be a crucial source of water for crops [14], especially in
rain-fed arable lands. In addition to the temporal presence of open water surfaces and
increased actual evapotranspiration, an expected consequence of landscape-scale water-
retention measures is the alteration of the current groundwater regime [48]. According to
our hypothesis, in the vicinity of the inundated low-lying areas, groundwater levels will
increase. The higher groundwater table in these zones contributes to higher crop yields
and tree growth, and, therefore, to enhancing the provisioning of ESs in the area.

The main objective of our research is to estimate the hydrological and ES effects of
inundations in different scenarios in a lowland catchment next to the Tisza River. This
paper introduces a hydrological analysis of the area as well as an estimation for changing
crop yields based on simulated groundwater levels. The analysis presented here is part of a
four-year research project, where we also aim to use hydrological model results to support
tree growth estimates.

2. Materials and Methods

This analysis has two main parts: First, hydrological conditions are simulated using
the MIKE She hydrological model along three water-governance scenarios in a lowland
catchment (for an 11-year-long period). The aim of these scenarios was to evaluate the
role of the drainage system and to compare the current practice with alternative water
governance strategies focusing on water retention.

Second, we present the results of a provisioning ES evaluation method, which will
use the simulated hydrological conditions as inputs for estimating crop yields with a
process-based biogeochemical model (Biome-BGCMuSo). In the present paper, this tool
was tested with data typical to the study area; maize yields were estimated for three
soil profiles using site-specific meteorology and different groundwater regimes as forcing
boundary conditions.

2.1. Study Area

We analyzed a 243 km2 flood-protected floodplain area (latitude and longitude of the
centroid are 47.6731◦ N and 20.9432◦ E, respectively), located along the Hungarian section
of the Tisza River (typical low, mean, and peaking flow rates are 170, 800, and 3400 m3/s
respectively); thus, its morphology and soils were formed mainly by alluvial processes [49].
Even though the terrain is relatively flat, it has a complex landscape. The area can be divided
into three distinct zones: deep floodplains (including former meanders) prone to regular
inundations, practically flood-free terraces, and transitional regions between the former
two (Figure 1). The total elevation range is only ~7 m; however, this difference can occur
suddenly at erosional escarpments, where the terraces or natural levees were cut off by
subsequent meanders. Two of the eight historical flood breakout points are located within
the study domain. These breakout points were identified by Timár and Gábris [50] along
the Tisza as places, where floods regularly breached through the natural embankments
of the river and diverted a significant portion (the flow through each breakout point was
typically several 100 m3/s) of the water surplus into natural flood-conveying channels.
Due to inundation-related sedimentation, the area is dominated by loamy, silty clay loam
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and clay soils near the surface (0–2 m), while sandy layers also appear within more fine
textured layers, resulting in a complex geological structure of the topmost aquifer [51].

Figure 1. Overview map of the study area.

The area was a wetland before it was separated from the Tisza River with dykes [49,52].
With extensive efforts, the water-dominated habitat was drained and turned into an agri-
cultural landscape during the great river regulation works in the 19–20th centuries. A
complex channel network provides a continuous drawdown effect on the groundwater
and removes the occasionally occurring inland excess water [38,53]. The drainage network
consists mainly of unlined earth channels, characterized by minimal slopes and looping
branches within the network. Water governance is provided by several hydraulic structures
(weirs, culverts, and bridges), having various maintenance statuses. The drainage system
diverts water from the landscape into the Tisza River. Here, the flow is only temporally
gravitational. During the flooding of the Tisza, the drained water is forced into the river
with four pumping stations. Sedimentation and vegetation succession can temporally
also limit the conveying capacity of the channels. The maintainer, the Trans Tisza Water
Directorate, carries out vegetation control and mud dredging occasionally; no precise
information was available about this. Therefore, the efficiency of the drainage network is
erratic. The directorate maintains surface–subsurface hydrographical monitoring, which
offers pointwise information on the hydrological processes of the region.

The cropland-dominated landscape still has a few seminatural meadows, forests, and
wetland habitats, some of which also have a nature conservation status. One of the most
valuable of these is a rare and threatened salt steppic oak-forest remnant (Ohat Forest)
situated on a sediment terrace. As the hydrological behaviour of these wooded areas offer
valuable insight into the possible effect of an extensive afforestation, two groundwater
monitoring wells were installed here recently as part of our research [54].
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2.2. Hydrological Simulations
2.2.1. Model Setup

Using the renowned MIKE Zero software (Release 2022, Update 1, [55]) the hydrologi-
cal regime of the study area was described and the effects of water-retention measures were
predicted. The most important processes of the near-surface terrestrial water cycle, snow
hydrology, interception, vegetation root water uptake and evapotranspiration, surface
flow, unsaturated zone seepage, and groundwater flow, were simulated with the MIKE
She integrated hydrological model (IHM). The channel–terrain and channel–groundwater
interactions were simulated by the dynamically coupled MIKE She IHM and the MIKE
Hydro River modules.

All spatial and temporal data were gathered from open sources and used for model
configuration and for model adjustment. These are:

• Digital elevation model (original horizontal resolution: 5 m; cell size in the model:
50 m, [56]);

• Meteorology: daily open-air precipitation [mm/day], air temperature [◦C], potential
evapotranspiration [mm/day] (estimated with the Penman–Monteith equation, [57]);

• Hydrography (geometry and auxiliary) data for the channels and the pumping stations
of the drainage network [58];

• Hydrology: pumped water volumes [m3/year], groundwater-level time series [m.a.s.l]
and estimated actual evapotranspiration [mm/day] [58,59];

• Land-use conditions: Corine Land Cover 2006 database [53] for characterizing the
spatial distribution of vegetation cover, time-dependent leaf area index, and root depth
for the different major land use categories to account for seasonal changes ([60–62]);

• Soil properties of the topmost 2 m soil layer (expressed with Mualem–van Genuchten
soil hydraulic functions for USDA soil textural classes [63]);

• Geologic layers of the topmost 10 m unconfined aquifer [51,64];
• Satellite image-based inland excess water frequency map [53].

The model domain was delineated based on terrain morphology and then the bound-
ary was slightly modified to incorporate a larger portion of the surrounding terraces, as it
was assumed that water retention may affect the GW regime also in these areas.

The channel network was represented by its longitudinal and cross-sectional geometry.
There was no precise information about the recent condition and the exact operation of
the flow-regulation hydraulic structures (weirs, culverts, bridges, etc.); therefore, only the
pump stations with a generalized operation scheme were considered.

The soil conditions were mapped by 100 × 100 m grid cells of a 3D soil database in
six standard soil layers yielding 407 different vertical combinations of USDA soil-texture
classes [65]. We clustered these soil profiles with a functional soil-classification method [66],
which resulted in 10 functional soil groups. The soil hydraulic parametrization of these
soil groups was based on the mean values derived for soil textural classes of the Martha
database [67].

Secondly, we assumed that the physically based algorithm used requires a moderate
adjustment of the parameters. In the first stage, a simplified version of the full model was
used for parameter optimization over a three-year-long period in parallel computation mode.
This model version had a coarser spatial resolution (100 m) and the channel network was not
simulated. This approach led to roughly a 50-fold increase in the number of simulations and
made automatic calibration feasible. Measured and simulated groundwater-level time series
were compared using standard model-efficiency measures (Nash–Sutcliffe efficiency—NSE,
root mean square error—RMSE, squared Pearson correlation coefficient—R2, [68]). As the
channel network was neglected in this stage, we selected mostly those GW monitoring wells
which are not influenced significantly by excess water drainage. To minimize the difference
of measured/simulated GW levels, the following parameters were automatically adjusted:
(i) hydraulic conductivity of the two most extensive geological layers, (ii) parameters of the
soil-moisture retention curve and hydraulic conductivity of the two most common topsoil
types, the C3 evapotranspiration coefficient of the crops on arable lands.
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The second stage of model adjustment was manual fine-tuning based on trial and
error. Here, we carried out simulations with the fully coupled model configuration for
the whole period and, then, compared the measured and simulated GW time series and a
remote-sensing-based excess water frequency map with the simulated durations of surface
water coverage. Simulation results for the pumped water volume and the annual actual
evapotranspiration were also compared with observations/literature data [59] to check the
validity of the calculated water budget.

2.2.2. Scenarios

Three water governance scenarios were investigated. The reference scenario (REF)
represented the current water-management conditions where the drainage network actively
diverts inland excess water away from the protected floodplain. This approach aims to
maximize the size of arable lands and the dominant provisioning ES, the crop production.
Depending on the water-level difference between the drainage channels and the Tisza,
gravity flow or pumping stations drive water into the receiving Tisza River.

Then, the excess water-retention scenario (EWR) was set up to evaluate the effects of
the drainage network at this site [69] and the consequences of an extensive inundation of
the deep floodplain zone [41]. The drainage channels and the pumping stations were both
removed from the model, as a rough simplified representation of the case, when the local
water authority would stop the maintenance of the defence infrastructure.

Finally, in the third scenario (FLOOD), a combined intervention of nature-based flood-
risk mitigation and managed aquifer recharge was investigated [40,70,71]. During this,
along with the retained inland excess water, an additional ~33 million m3 of water was
released into the study area from the flood waves of the Tisza River in Spring 2003.

For the sake of comparability, except for water governance, all other model configura-
tions were the same for the three scenarios. The simulations covered the 2000–2010 time
period with daily time steps. The period was selected so that it represents recent environ-
mental conditions and includes some characteristic hydrometeorological extremities that
hit the GHP: severe inland excess waters (2000, 2006, and 2010), floods (2000 and 2006), and
droughts (2002, 2003, 2007, and 2009).

2.3. Estimation of Water Dependent Provisioning Service—Crop Yield

Testing the main hypothesis, maize yields were simulated under different groundwater
conditions by using the Biome-BGCMuSo biogeochemical model (hereinafter MuSo, [72]).
MuSo calculates surface hydrological processes (e.g., surface ponding, runoff, and infiltra-
tion), water movement in a soil profile, carbon and nutrient fluxes, the accounts material
mass/volume in various storages (e.g., soil, plant, and surface), and the effects of shallow
groundwater on soil hydrology and the affected biochemical processes [73].

No site-specific information is available on the proportions of different crops grown
in the catchment; however, in Hajdú-Bihar County, enveloping the study area, maize is
the dominant crop with 50–61% of all harvested area in the arable lands [74]. Phenological
and management-model parameters were taken from a former country-wide crop-yield
assessment [75]. Then, based on the soil conditions and the lito-stratigraphy of the area,
three 10 m deep heterogeneous soil profiles differing inthe dominant soil type (loam, clay,
and sand) of the top 2 m were compiled. The bottom 8 m was uniform sand for all profiles.
Hydraulic parameters (e.g., hydraulic conductivity and capillary fringe) of the layers were
adopted from the hydrological model and were estimated by the MuSo based on the sand,
silt, and clay content of the soils.

The simulations covered the 2000–2010 period, with a multiyear spin-up aiming at
minimizing the effects of the initial conditions of soil moisture, nutrient and organic matter
content, and distribution in the soil profiles. For the current analysis, measured GW levels
of three monitoring wells in the study area served as time-variant (variable head type)
bottom boundary conditions for the hydrological module of the MuSo. The applied GW
time series represent different topographical conditions: (i) near-surface GW table at low-
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lying areas, (ii) medium GW depth in transition zones between mounds and depressions,
and (iii) deep GW table characteristic for higher elevation zones. The 10-year average GW
depths were 121 cm, 243 cm, and 395 cm below ground, respectively, while GW fluctuations
in the wells showed a high degree of similarity (correlation coefficients ranged between
0.76 and 0.93).

As a reference for the simulations, an additional bottom boundary condition of free
drainage was also applied, representing site conditions where precipitation is the sole
source of water for plants. By combining the three soil columns and the four bottom
boundary conditions, maize yields were simulated for 12 model variants. The impact of
GW on maize yields were expressed as the ratio of calculated yields for the model variants
with groundwater bottom boundaries and the reference case with free drainage.

3. Results
3.1. Model Adjustment Results

The calibration resulted in varying agreement between the different observed and
simulated state variables. The annual sum of actual evapotranspiration showed good
agreement with available estimates from the literature [59]; the ratio of the two calculated
evapotranspiration sums for 2000–2009 was 0.95. This indicates the appropriate repre-
sentation of territorial evapotranspiration, one of the defining forcing factors of lowland
catchment processes. Pumped volumes were underestimated by 33%, which can be ex-
plained by (i) the somewhat arbitrary nature of real-life defence operations that is hard to
represent with numerical models and with (ii) the lack of information on actual channel
conditions and upstream inflows, which are crucial input data of the surface-water simula-
tions. Nevertheless, the order of magnitude and the timing of real-world pumping were
adequately represented by the model (Table 1).

Table 1. Results of model adjustment. Inland excess water hazard map accuracy was calculated on a
10 m cell basis (aligned to the satellite-based dataset). For groundwater levels, the first numbers are
the averages, while the numbers in curly brackets are the ranges for 11 monitoring wells. NSE—Nash–
Sutcliffe efficiency; RMSE—root mean square error; R2—square of Pearson correlation coefficient.

Inland Excess Water hazard
map accuracy

agreement 72.5%

difference 27.5%

Annual actual
evapotranspiration sim/act ratio 0.95

Pumped water volume sim/act ratio 0.66

Groundwater levels
NSE 0.39 {−2.16; 0.72}

RMSE 0.38 m {0.29 m; 0.57 m}
R2 0.89 {0.70; 0.95}

IEW is a temporary hectic process characterized by the irregular appearance of water
coverage and soil saturation and long periods with an absence of the phenomenon. A
common way to illustrate and quantify the spatial patterns is the use of IEW hazard
maps [38]. These maps—analogous to flood hazard maps—show the spatial variation of
relative observed or estimated IEW frequency. Figure 2 compares such hazard maps for
the study area. Figure 2a is an observation, a satellite image-based frequency map derived
for 1998–2016 (including 4–5 observed IEW events) [53]. Figure 2b–d are the hydrological
simulation-based hazard maps for the three scenarios, showing the relative number of days
with surface water coverage for the 2000–2010 period.
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Figure 2. Maps of the observed and simulated surface-water coverage: (a) frequency of IEW over
the 1998–2016 period on satellite observations. (b) simulated reference (REF) scenario; (c) simulated
excess water retention (EWR) scenario, (d) simulated floodplain inundation (FLOOD) scenario.
Nonagricultural areas were masked with grey (settlements, forests, wetlands, and standing waters).

The simulated GW-level time series matched measured data with varying accuracy.
The NSE was negative or ~0.0 for three monitoring wells, while above 0.5 for four wells.
Wells with negative values (poor agreement) were located next to drainage channels (GW
wells: 2583 and 2677, see Figure 1), where the lack of information on the operational water
management hindered the accurate process description. Wells with NSE values above
0.5 indicate precise simulation of GW dynamics.

3.2. Scenario Results

Integrated hydrological model simulations yield a vast array of results for several
hydrological variables. From these, we introduce the most relevant both for lowland
catchment behaviour and for the hypothesis about crop production: the duration of surface
water coverage and groundwater levels. Figure 2b–d show the impact of the different
scenarios on surface waters. For the model results, the duration of water coverage is
expressed as the percentage of days with at least 1 cm of simulated overland water over
the whole simulation period. For surface waters, notable differences can be identified
between the reference and the water-retention cases. Major changes in the duration of water
coverage occurred in the deeper flat parts of the catchment and mostly in the vicinity of
the drainage channels. The area influenced with frequent (>20%) overland water doubled,
when excess water retention (EWR, affected area: ~71 km2) was simulated instead of
drainage (REF, affected area: ~34 km2). Interestingly, only a minor increase occurred
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when the additional inundation was introduced (FLOOD, affected area: ~81 km2). The
extra water volume mostly accumulated in the depressions and was characterized by high
surface-water presence.

The comparison of the REF and EWR scenarios resulted in a significant change not only
in the duration of water coverage but also in time-averaged GW levels. The termination
of drainage led to an overall 54 cm increase but with notable spatial differences. Similar
to the case of surface water coverage, the change between EWR and FLOOD scenarios
was less defining with an additional 9 cm GW-level increase (Figure 3 and Table 2). The
estimated 10.1 million and 12.9 million m3 difference in GW storage is equivalent to 41 mm
and 52 mm of water over the whole study site, respectively, or 7% and 9% of the annual
precipitation sum in the region.

Figure 3. Increase in average groundwater levels (a) the scenario of excess water retention (EWR)
compared to the reference (REF) scenario; (b) and the scenario of floodplain inundation (FLOOD)
compared to the EWR scenario. Blackish colours indicate areas where the average GW level increased.

Table 2. Difference between the reference and alternative scenarios’ groundwater levels and ground-
water storages.

Compared
Scenarios

Excess Water Retention (EWR) versus Reference
(REF)

Floodplain Inundation (FLOOD) versus Reference
(REF)

Compared
Variables

GW-Level
Difference [m] GW Storage

Difference
[106 m3]

GW-Level
Difference [m] GW-Storage

Difference
[106 m3]Mean Standard

Deviation Mean Standard
Deviation

Section line 1 0.24 0.13
10.1

0.46 0.13
12.9Section line 2 0.31 0.23 0.35 0.24

Study area 0.54 0.43 0.63 0.46

The cross sections of Figure 4 illustrate the terrain morphology, as well as the tem-
porary averaged GW levels, along two profile lines (see Figure 1) for the three analyzed
scenarios. The Section lines were selected to represent the two distinct parts of the study
site: (1) a mostly deep region with minor elevation changes except for the channels and
(2) a more diverse part with terraces and former meanders. In Figure 4b, the Ohat–Völgyes
reach is also highlighted as a domain of interest.
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Figure 4. Temporal average of groundwater levels for the three scenarios along (a) Section line 1
illustrating a deep part of the study area and (b) Section line 2 presenting the conditions of terraces
and meanders.

Figures 3 and 4 present a remarkable difference between the low-lying flats and the
more segmented terrace regions. The deeper parts of the study area (e.g., Section line 1)
are affected heavily by the drawdown effect of the drainage network. Here the difference
between the average GW levels of the scenarios is evenly distributed and there is a 91%
difference between EWR and FLOOD. In the case of the segmented morphology along
Section line 2, GW levels show a more diverse pattern (see standard deviations in Table 2
also) and follow the terrain in a strongly smoothed way. Here, the two alternative scenarios
led to similar results regarding the change in GW levels. The effect of water retention was
more obvious near the channels and meanders and less significant in the terrace regions.
The Ohat–Völgyes reach was inundated over most of the time. In the terrace region, the
drawdown effect of the channels can extend over a 1 km distance.

In addition to the diverse spatial patterns, the GW levels show a remarkable temporal
fluctuation as well, where the effect of dry and wet periods can be clearly identified. For
instance, the droughts of 2003, 2007, and 2009 led to minimum levels of GW, while the wet
year of 2006, and especially the extreme 2010, caused GW peaks in the two wells (Figure 5).
The time series also indicate the influence of excess water retention and additional inun-
dation of the catchment. These water-retention measures caused major changes after the
severe IEW of 2006 and were able to buffer the following two summer periods. However,
in the case of the cropland region (Figure 5a), the drought of 2009 almost completely elimi-
nated the retained water and GW levels approximated the levels of the REF scenario. In
the Ohat 2 region (Figure 5b) water retention could compensate for every dry period due
to the buffering effect of the adjacent inundated meander (“Ohat-Völgyes reach”).
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Figure 5. Time series of GW levels at two locations of the study area (a) a moderately deep floodplain
region with cropland and (b) the edge of a terrace region at the Ohat steppic oak forest. Vertical grey
lines indicate the timing of riverine inundation in 2003.

3.3. Crop Yield Results

Deep GW levels did not have a detectable effect on maize yields for any of the analyzed
soil profiles, which can be attributed to the low capillarity of the homogeneous sand layer
below 2 m (Figure 6) which prohibited the plants from utilizing groundwater.

Maize started to benefit from the availability of GW in the medium GW-depth sce-
nario. The strongest effect was observable in the case of the loamy profile, where the high
capillarity combined with a relatively good hydraulic conductivity allowed for the most
root water uptake from groundwater and resulted in an average 9% crop-yield growth with
only 3 years (2003, 2004, and 2009) when yield increase was lower than 5%. On the contrary,
in the clayey and sandy profiles, GW could provide a considerable amount of water for
root uptake only in years when GW levels were higher than the average (2000, 2001, 2005,
2006, and 2010); thus, crop-yield growth was lower (on average 6% and 3%, respectively)
than for the loamy profile. The factors limiting moisture transfer from GW to the plants’
root zone were the low hydraulic conductivity of clay and the low capillarity of sand.

Maize yields increased by at least 10% in all years when the GW table was shallow and
mean yield changes in the examined period were 32%, 35%, and 24% for the loamy, clayey,
and sandy profiles, respectively. At the same time, differences in the change variances were
considerable. While yield growth varied between 18% and 66% for the loamy profile, the
range was wider in the case of clay (between 10% and 74%) and expanded further in the
sandy profile, where the minimum growth was 10% and the maximum reached 81% in
the extremely wet year of 2010 when record-high GW levels were measured in the area.
These results suggest that maize grown in sand is the most sensitive to GW availability.
Surprisingly, not the same year but 2005 brought the highest yield growth for loam and
clay in the examined period. This unexpected result may be attributed to the complex
interactions among water stress, nitrogen stress, and productivity.
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Figure 6. Effect of groundwater on maize yield for profiles with (a) loamy topsoil, (b) clayey topsoil,
and (c) sandy topsoil, and (d) the groundwater levels for the 3 groundwater scenarios. Relative
changes in maize yield are expressed as the ratio of calculated yields for the model variants with
groundwater bottom boundaries and the reference case with free drainage.

4. Discussion
4.1. The Challenge of Lowland Hydrological Modelling

To put our results into context, hydrological modelling of drained lowland catchments
is a challenging and complex task [69,76–81]. In general, calibration can be carried out
for several hydrological variables; however, it is also limited by several factors which
justify the relatively lower model accuracy. Though simulation of IEW is usually done with
physically based models, there are still multiple adjustable, site-specific vegetation and soil
parameters. The calibration of these parameters can potentially lead to model overfitting.
The high time demand of the simulations technically hinders successful formal calibration
and sensitivity analysis. This time constraint poses a limitation also for the applicable
spatial resolution and/or spatial extent, as time demand increases exponentiated with cell
number. In the case of mid- and large-sized catchments, this will lead to the necessary
negligence of microtopography, a defining factor for infiltration, surface runoff, and storage
and, in general, for hydrological and related environmental processes within lowland
conditions [76,78]. Furthermore, in our analysis, data uncertainty was high, both for the
input and for control variables. Hydrological applications of remote-sensing technology
went through major improvements in recent years and became the dominant method for
monitoring IEW but there are still challenges to improve classification accuracy [82]. The
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applied IEW hazard map based on satellite observations offers high spatial resolution
and country-wide coverage but it has still uncertain information content [69]. Precise
information on the drainage-network status and operation scheme was limited.

Taking all these factors into account, the introduced modelling aims to describe the
general characteristics of hydrological behaviour in the catchment and not as a precise
reproduction of recent processes. Furthermore, for the sake of manageable complexity,
in the present conceptual study, we did not account for the small-scale, fine details of
built infrastructure (i.e., settlements, transportation, industrial and recreational facilities,
etc.), which pose obvious constraints to water management and landscape design. These
discussed uncertainties and limitations of hydrological modelling can possibly propagate
in a cascading manner through the whole process-based ES mapping methodology [83],
which points out a major future research direction.

4.2. Comparison of Hydrological Scenarios

The reference scenario represented the current water-management practice aiming at
cropland area maximization, while the two alternative scenarios have strong implications
not only for provisioning but also regulating Ess; in the drought-prone GHP, water availabil-
ity is a limiting factor for both crop production and tree growth. The major drought of 2022
not only underlined this [84] but also proved the limited capacity of the water-management
sector to cope with this issue using only conventional methods. As part of a long-awaited
paradigm change in Hungarian water management, water retention and groundwater
recharge can positively influence these ES locally.

The comparison of the three simulated water-management scenarios allowed us to
draw site-specific conclusions about the studied lowland hydrological regimes. The effect
of the drainage network (EWR versus REF) turned out to be significant both for surface
and subsurface hydrological conditions (Figures 2–5). According to our calculations, the
area affected by IEW would double without drainage and the subsurface storage would
increase significantly with a volume equivalent to 7–9% of annual precipitation (Table 2).

This outcome deviates from our previous experience gained at other parts of the
GHP, where the drainage channels had a lower capacity to influence IEW [69,79]. It
also differs from the general experience of Hungarian water management which states
that the drainage network has a significant influence only on IEW duration but not on
maximal spatial extent [85]. This site-specific outcome can be explained by the different
environmental conditions and underlines the diverse nature of lowland catchments and
IEW processes within the GHP [38,86]. Channel network density can serve as an indirect
empirical justification for this experience. The defence system was designed to maximize
the proportion of arable land by draining as much area (including protected floodplains and
wetlands) as possible by mostly using empirical design formulas. As a rule of thumb, the
denser the drainage network, the less specific impact a single channel section has. While the
average channel density is 2.31 km/km2 for the site in [69], ~1 km/km2 for the whole GHP
and specifically also for the site in [79] and it is only 0.67 km/km2 for the Ohat study area,
indicating the above average effectiveness of the local system. Considering the ES approach,
this enhanced capacity of the drainage system is not only favourable from the perspective
of a conventional water-management paradigm but may also serve as an opportunity for
effective water retention and adaptive landscape management. This is also supported by
another outcome of the analysis: the area of influence and the drawdown effect of the
channels is relatively large in the case of the deep floodplain (Figure 4.) but—somewhat
surprisingly—it is more limited in the case of the meander–terrace regions. In other words,
the terrain morphology can partially serve as a natural water infrastructure to divert
and buffer the temporal water surplus, resulting in a few well-defined, distinct regions
with different hydrological regimes. This offers the potential for a more sustainable land
management adapting to these inherent landscape characteristics by seeking ES synergies
at the catchment scale [41,87].
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According to the FLOOD–EWR scenario comparison, a moderate (33 million m3 or
~140 mm precipitation equivalent) and single deep floodplain inundation would not redraw
the conditions achieved by continuous excess water retention over the simulated 11-year
period. The flood water diverted to the catchment accumulates mostly in the depressions
and contributes to subsurface recharge (Figures 2 and 3). This is a favourable outcome
as it indicates that the already IEW-affected areas would serve as a suitable buffer space,
and only minimal land-use change would be required to support the additional riverine
water retention. However, one must keep in mind that the FLOOD scenario accounted only
for a single inundation event with moderate water volume. More extensive and/or more
frequent inundations would obviously have more significant hydrological impacts. This
points to the scalable nature of the proposed riverine water retention instead of a simple
binary option (complete drainage and water diversion or full deep floodplain inundation),
where the stakeholders and decisionmakers have the option to define the scale of water
retention by weighing multiple factors.

4.3. Expected Changes in Crop Yields and Ecosystem Services

The results of the crop-yield simulations pointed out that maize yields in the higher ele-
vation parts of the study area are limited by the amount of available water. In general terms,
surplus water supplied by near-surface GW for maize can have a positive effect on maize
production, an outcome supported by empirical data from Hungary [14]. Even though
only a limited number of soil–GW combinations were simulated, our results suggest that
maize-yield growth may reach some 30–35% in medium to deep GW areas if GW conditions
would be ideal. These findings support our initial hypothesis that alterations of the present
water governance aiming at water-retention-induced GW-level increase may enhance the
provisioning ES of maize production lands in the vicinity of presumed wetlands.

However, contradictory effects (e.g., nitrogen deficiency) may amplify simultaneously
with improving the water supply as a result of increasing soil moisture content in the
plant’s root zone, which may limit yield growth. The outcomes of this analysis do not
allow for well-founded conclusions in this regard and yet no optimal GW levels can be
appointed for maize production. The effects of the complex and interacting processes of
water, carbon, and nutrient flow on crop yields require indepth analyses, with a special
focus on the role and importance of relevant model parameters. In the next step of our
analysis, GW levels calculated with the hydrological model set up for the Ohat site will
serve as bottom boundary conditions for the hydrological module of the Biome-BGSMuSo.
This will allow a more detailed water management–land use scenario analysis and ES
mapping at the study site.

Regarding our initial hypothesis, the calculations showed that the rising GW table
may increase maize yields in these zones; hence, measures aiming at improving the GW
supply of ecosystems may contribute to the provisioning ES of arable lands in the study
area. At the same time, the current land use of the cultivated croplands in the topographical
depressions would inevitably change and, therefore, presumably cut back the total crop
production in the study area, raising the issue of ES trade-offs. While these areas usually
have the lowest agroecological potential considering crop cultivation, these could offer
other provisioning services (plant biomass, animal husbandry, etc.) as well as a series of
enhanced regulating services (flood control, microclimate regulation, groundwater recharge,
water quality control, gene pool, etc.). To consider all relevant information, the different
land-use scenarios must be assessed in the ES framework involving detailed economic
analyses to evaluate the trade-offs at study area scale. Only a few ES assessments of
such complexity were made for the GHP. At a study site similar in size, Kozma et al. [69]
showed that the water-retention approach would lead to a more beneficial outcome for
the whole community compared to the current land use–water governance. According to
Pinke et al. [41], if systematic water retention would be implemented at the GHP scale, the
economic benefits of flood regulation alone could compensate the society for the loss of
cropland area.
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5. Conclusions

In the present study, we used hydrological modelling and crop-yield estimation to test
our work hypothesis: wetland restoration would have a positive impact on provisioning
ES through increased groundwater levels and better water availability. We showed that the
simulation of surface–subsurface water movements in lowland catchments offers useful
site-specific insights into the processes underlying different ES. Our detailed hydrological
analysis of alternative water governance scenarios in the Ohat study area proved that
retention of excess water in former wetlands and the release of floods from the Tisza
River would have a significant effect on the groundwater regime, particularly in the
adjacent zones of controlled inundations. The induced groundwater recharge would
have the potential to moderately increase crop yields. With proper water governance,
the hydrological effects are scalable and should be designed as part of a detailed land-
use planning.
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