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Abstract

In eastern Germany, the Czech Republic, and Slovakia, historic policies led to large, monocropped
agricultural landscapes resulting in degradation of traditional landscapes. In the last 20 years, the
expansion of urban and industrial areas has added to this degradation. The growinginterestin nature-
based solutions, including water-retention measures, is a response to reversing landscape
degradation, rejuvenating ecosystem services, and mitigating the impacts of large-scale commerdial
agriculture and climate change. In this study, the costs and benefits of water-retention measures in
east Germany, the Czech Republic, and Slovakia are assessed. Results indicate that water-retention
measures offer increased water availability over all land use classes assessed, help increase crop
productivity, and aid in landscape cooling. Croplandsare suggested as being the best valuefor money,
offering the greatest volume potentials (mean = 88 million m3), cooling effects (mean =-1.6°C), and
productivity gains (mean =€66 million yr?), while also being the cheapest toimplement perunitarea.
Differing policies in the three states will likely result in non-uniform selection or implementation of
measures. Future work should focus on local-level studies offering greater practical messages beyond
the regional-level analysis conducted here. This work contributes to the growing body of literature
assessing the costs and benefits of water-retention measures, including the potential for landscape
cooling, lowering temperature gradients, and ecosystem restoration. As the world urbanises, and as
more land is converted to homogeneous cropland, such measures may prove critical in mitigating

climate change, landscape drying, flood runoff, and soil and nutrient loss.
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Introduction

Extensive drainage and the loss of native functional vegetation has resulted in landscapes becoming
degraded and subject to desertification (Ripl, 1995, 2003). Degraded landscapes have lower buffering
capacity against natural hazards including floods and droughts, as wellas reducing nutrient cycling and
erosion control, leading to lower land productivity and increased displacement of soil (Khan and
Hanjra, 2008; Borelli et al. 2017). For example, in Slovakia the loss of soil through water erosion
averages 0.01-0.03 mm yrtin (mountainous) forested regions, 0.06 mm yr! on grasslands, 1.8 mmyr
! on cereal fields, 3.4 mm yr! over bare ground, and 3.6 mm yr? on root crop fields (Midriak, 2004).
Similarly, Belete et al. (2020) show the impacts of land cover change and climate variability on local
water supply in the Blue Nile Basin, and suggest that ecosystem-based strategies should be adopted
to mitigate against future impacts. Currently, about 52% of global agricultural lands are classified as
moderately to severely degraded and at risk of abandonment (Iseman and Miralles-Wilhelm, 2021)
with unavoidable impacts to both the environment (nutrient leakage, soil erosion) and humans (food
yield losses, financial losses). To restore ecosystem functionality, it is important to improve the
sustainable use of landscapes, for which arange of nature-based solutions (NBS) are available. Indeed,
“nature-based solutions aim to protect, sustainably manage, and restore natural and modified
ecosystems to address societal challenges effectively, and to provide human well-being and biodiversity
benefits. They are underpinned by benefits that flow from healthy ecosystems and contribute to
addressing majorchallengesincluding climate change, disaster risk reduction, food andwater security,
health, and are critical to economicdevelopment” (www.iucn.org). The use of NBS to address climate
challengesisincreasing, with nature-based waterretention methods beingidentified as solutions for
water management challenges (Khan and Hanjra, 2008; Burek et al. 2012; Grimaldietal.2013; Belete
et al. 2020; Balden et al. 2021; Staccione etal. 2021). Compared to engineered solutions, NBS can be
cost-effective, offering multiple co-benefits (EEA, 2015; Cohen-Sachman et al., 2016; EC, 2015;
Hodgson et al., 2016; Masi et al., 2017), including supplying additional water resources, nutrient
management, flood and drought mitigation, decreasinglocal sedimenttransport, as well as aesthetic
and recreational functionality (Burek et al. 2012; IPBES, 2019; Okruszko and Bokal, 2020; Balden et al.
2021).


http://www.iucn.org/

Some central aims of water retention measures (WRM) are to retain rainwater and stormwater and
gradually return it to the local water cycle, to replenish soil and groundwater reserves, feed springs,
reduce erosion, and contribute to mitigating flood and drought risk. Such measures can lead to
restoring biodiversity, increasing soil fertility, creating additional water resources, and rehabilitating
the local climate (Brouwer and Fournier, 2017; Susnik and Masia, 2020; Program Obnovy Krajiny,
2021). They can increase ecosystems' capacity to deal with stress (i.e. enhanced resilience and
adaptability), a crucial sustainability objective (Lodemann et al., 2010). WRMs address water and
landscape issues while enhancing environmental quality and contributing to improving agricultural
productivity (Staccione et al. 2021), promoting local economies. They contribute to priorities of the
European Green Deal (EU, 2019), the 2030 Agendaforsustainable development (UN SDGs; UN, 2015),
the Common Agricultural Policy (CAP; Magaudda et al., 2020) and the Water Framework Directive
(WFD; Okruszko and Bokal, 2020). WRMs also contribute to habitat preservation, recreational and
social benefits, and local climate regulation (Kravcik et al., 2007; EC, 2013; Program Obnovy Krajiny,
2021). Their value can be assessed in terms of ecological contributions and/orin monetary terms
(Hayha and Franzese, 2014; Barth and Doll, 2016). WRMs can be divided into technological,
biotechnical, and technological-preventative/economic in nature (Kravcik et al. 2007). Technological
measures include absorption ditches, depressions, improvement of land surfaces to enhance
infiltration, small dams and reservoirs, and anti-erosion measures. Biotechnological measures are
similar, but with a focus on the use of natural vegetation ratherthan engineered solutions. Examples
of technological-preventive and economic measures include the application of optimal approaches for
protectingsoil, ensuring the replenishment of excess water runoff, the limiting of non-vegetated hard
surfaces in built-up areas, replacing impermeable surfaces, preventing the clear-cutting of forests,
improved land-use planning, integrated land management, and more sensitive uses of the land with a

view towards conservation.

Evapotranspiration, along with non-utilised outflows, are often deemed “lost” components of the
hydrological cycle. Rising ‘overheated’ air draws moisture from surroundings, transporting water
vapourtothe upperatmosphere. Thisresultsin an open water cycle. As warm airaccommodates more
water vapour, greater levels of landscape drying can result as a consequence. Over crops and other
degraded landscapes, such vertical temperature profiles are often found. The ascending warm, moist
air transports higher volumes of water, drying the soil surface and causing crop water losses. Such
surface drying due to ‘overheated’ surfaces, especially over drylands due to land-atmosphere
feedbacks, has recently been reported by Schumacher et al. (2022) who observed that strong
evaporation over hot land surfaces can exacerbate surface and soil drying, and can lead dryland

drought propagation. On the other hand, native vegetation is able to dampen such vertical



temperature extremes, reducing surface temperatures. Stands with well-developed vertical structure
differin vertical temperature distribution from monocultures. An inverse temperature gradient is
created during warm days in forests and beneath trees. High humidity is maintained in lower
vegetation, often in the form of dew. Because the temperature of canopies approaches the air
temperature, there is little sensible heat to ascend. Water vapour-saturated air slowly rises and
reaches the dew point, creating local afternoon/evening rainfall, returning some of the evaporated
water to the surface. A (partially) closed water cycle is formed (Makarieva and Gorshkov, 2007). It is
important to distinguish between drying of the landscape caused by overheated air, and
evapotranspiration with a local cooling effect which “recycles” water locally (Huryna et al. 2014;
Pokorny et al. 2016; Hesslerova et al. 2019; Pokorny 2019). It is the latter situation which water
retention measures aim to partially restore in the transboundary region considered in this study,

where large swathes of landscape have been degraded.

There is guidance on the selection and implementation of nature-based WRMs (Strosser et al. 2015,
EEA, 2015; Okruszko and Bokal, 2020), including defining WRMs, selection and implementation
criteria, policy coordination, and cost-analysis. Liu et al. (2017) offer a detailed review of NBS, including
WRMs, and their effectiveness. It is shown that many studies focus on quantifying water availability
increases or flood decreases, or changes in pollutant, nutrient and/or sediment loads. Little mention
is made of cost-benefit analyses, nor of local climate modulation. Sejak et al. (2018) added to the
guantificationof ecosystem services the thermodynamicaspect and regulatory services of ecosystems
(climate services, waterretention, oxygen production, biodiversity). Keestra et al. (2018) describe the
beneficial impacts of NBS on ecosystem services, but do not considerthe benefits to local hydrological
cycles ortemperature regulation, or considerthe costs of implementation. Therefore, in the literature,
there are a lack of locally relevant studies considering the costs and benefits of WRMs, especially in
the context of climate and hydrological modulation. Okruszko and Bokal (2020) presentaconcept for
the selection and implementation of WRMs, rather than detailing their post-implementation impacts,
although for some select cases, the relative change in river flows is assessed. Strosser et al. (2015)
present examples from five case studies, with a focus on impacts to peak flow reduction,
pollutant/nutrient control, and the benefits on biodiversity, but do not considerlocal climate impacts
or cost-benefit analysis. Staccione et al. (2021) characterise the effectiveness of retention pondsin the
Lamone River catchment, Italy. It is shown that such pondsincrease the water available forirrigation
and could contribute to ecological improvements.Based on a cost-benefit analysis, itis suggested that
the ponds are financially sustainable in the long-run, yet they do not consider the local climate
regulation of the WRMs. Mayor and Bautista (2012) focus on the improvement of soil properties

resulting from water and soil retention, showing potential for improvement especially on dry or



parched landscapes. Balden et al. (2021) use a modelling approach to simulate the effectiveness of
WRMs inreducing fine bed material load inrivers. Khan and Hanjra (2008) describe a study modelling
the hydrological impacts on land and water management measures in the Murray-Darling basin,
Australia, but do notassess productivity changes, nor climate regulatory impacts. Grimaldietal. (2013)
assess the monetary sustainability of soil and water conservation measures in the Sahelian area of
Burkina Faso. It is shown that small-scale, locally-suitable measures can be monetarily sustainable in
the long run, as well as offering soil retention benefits. However, itis also indicated that other, more
extensive land-use changes may also be needed. Also in Burkina Faso, Nyamekye et al. (2020) use
satellite-derived MODIS data to assess the impacts of implemented soil and water conservation
measures. Based on measurements on the normalised difference vegetation index (NDVI), it was
shown that such measures have resulted in landscape restoration by improving overall greening.
However, impacts to hydrology, productivity, and climate regulation could not be assessed. Sejak et
al. (2022) suggestthatthe Zelivka River Basin, Czech Republic,does not contribute fullyto society (e.g.
GDP, recreational value) due to long-term poor landscape management, and that improving
landscape-based water retention would aid in restoring full ecosystem functioning and services.
However, no quantification of these potential benefits was carried out. Therefore, while studies have
started to consider WRMs, including locally in the Czech Republic, the selection, implementation, and
impacts, mostly focus on hydrological and/orsoil-related impacts. Few considerthe costs and benefits
of implementing WRMs, and even fewer consider the effect on local climate regulation potentially
resulting from WRM implementation. In addition, few studies consider locally-relevant case studies in

extensively degraded regions.

This article addresses these shortcomings by describing the assessment of the potential impacts of
landscape-based WRMs in a transboundary Eastern Germany-Czech Republic-Slovak case study. The
study considers locally-relevant hydrological, agricultural, and climate-regulation impacts resulting
from the implementation of landscape-based WRMs. It outlines a cost-benefit analysis for potential
measures, thereby adding to the growing literature on water retention measures in particular, and
NBS in general. In the study region, the role of extensively drained fields and their impact on the
distribution of solar energy and the effects of water-related landscape restoration measures onlocal
climate and the water cycle are explored. Due to the level and extent of degradation, restoring
landscapes to reduce land and climate impacts is increasingly urgent, and evidence to support the
implementation of NBS and WRMs from a number of viewpoints is necessary. In this regard, a main
focus of waterretention measuresin the regionis to rehabilitate local water cycling to mitigate floods
and droughts, enhance soil water conditions, lower temperature extremes, and act to cool an

increasingly overheated landscape. This study considers the potential impacts of WRMs to contribute



to these challenges, and considers the costs and productivity benefits of such measures being
considered, addingto the existing literature on such waterretention measures as wellas being locally-

relevantfordecision makers.

Case study description

The study area covers the whole territories of the Czech Republic (78,871 km?) and Slovakia (49,035
km?). The German part of this transboundary case study covers the former German Democratic
Republic (108,944 km?). The study region was divided into 15 sub-regions based on NUTS-2 unit

divisions (Figure 1).
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Figure 1: Map showingthe case study region and the separationinto the 15 modelling units based on

NUTS-2 level regions. Key onthe rightindicates region numbering used in the textand figures.

The study area shares a common history of socialist rule which helped shape the landscape. There
were very large field blocks generated through collectivisation in 1949 — 1960 and 1970 - 1989 that are
still presentas uniform agricultural monocultures despite the original (pre-1940s), splintered property
rights being re-established. In the past 30 years, there has been no significant landscape structural
change in the case study, which could have improved the retention and accumulation of water,

reduced nutrient losses from fields, and decreased the local surface temperature. Associated



phenomena resulting from historical developments include losses in agricultural yields and both
guantitative (floodsand droughts)and qualitative (higher nutrient and matter losses from catchments)
water-related problems (Hesslerova et al. 2013, 2019; Ellison et al. 2017; Huryna and Pokorny 2016;
Ripl, 2003). The situation has deteriorated in recent years despite the EU's efforts to introduce various

agro-environmental measures along with various proposed measures to mitigate climate change.

This study envisions water as a natural hub between nexus sectors (cf. Hoff, 2011), being related to
the water-land—climate nexus based on landscape energetics (Ripl, 1995; Ellison et al. 2017,
Hesslerova et al. 2013, 2019). Water connects all parts of the hydrological cycle, which is driven by
solarenergyinput(Figure 2). The aim of the study is to determinethe role of WRMs in the landscape.
Interms of the local climate, the study addressesthe issue of the relationship between vegetation and
the near-surface temperature, which is one of the key characteristics of the solar-driven energy
balance of the landscape. The hydrological aspect focuses on the importance of evapotranspiration,
whichisnot interpreted as a loss of water, but as an important process of closing the water cycle and
cooling the landscape. In the study, there is a distinction between evapotranspiration as a cooling
process and the upward flow of heated air from overheated drained surfaces, which cause rapid
landscape drainage. The “water rotor” concept (Kravéik et al. 2007; Figure 2) gives an illustration of

this concept.

resources

Surface runoff

Figure 2: The Water Rotor concept, illustrating the differences in local hydrological cycles between

healthy landscapes (left) and damaged landscapes (right). Adapted from Kravéik et al. (2007).



In the studyarea, WRM s are being considered fora number of reasons, and have beenimplemented
in various initiatives (Figure 3). Increasing water availability in the landscape would help reverse
structural drought generation processes of current land management approaches, referring to the
dominance of “empty” agricultural landscapes (i.e. monocultures) in lowlands that generate dry
surfaces, especially after harvest,leading to elevated surface temperatures and convection of dry, hot
air, in turn further drying the landscape. Such measures contribute to water quality improvement,
whichis generally not sufficientin any water body in the region. There are challengessurrounding food
production, including soil degradation (loss of organic matter, compaction, erosion) and the increase
of biomass production for bioenergy generation (rape for biodiesel and maize for biogas). Increasing
the diversity of cultural landscapes including reducing the size of field blocks, interspersing hedges,
shelterbelts, and other woody (forest) structures, plus introducing or rehabilitating watercourses,

ponds, and wetlands aim to mitigate these challenges.

(d)



Figure 3: nature-based water-retention measures currently installed throughout the study region. A
bioretention approach for water retention on aformerlogging road in Tahanovce, Slovakia, in (a) 2011
and (b) 2020. Rejuvenation of a previously degraded landscape in Slovakia, showing the same site in

(c) 2012, (d) 2014, and (e) 2020. Photographs courtesy of Michal Kravcik.

Methodology and data

Methodological process

The approach is based on Kravcik (2021) for which the benefits of investing in water retention
measures are estimated. Water retentionin the landscape creates new reserves of water resources.
Through evapotranspiration thermoregulation of the landscape, sensible heat loss and temperature
reduction is enabled, with potential increases in crop yields and carbon sequestration. This study
assessesanumber of metrics: 1) the volume of water transportedfrom the ground in the form of water
vapour, representing an evaporative cooling potential; 2) investments required for new water
retention measures; 3) the volume of water from measures available foratmosphericcooling and; 4)

the decrease in ‘hot day’ temperature over different land covers. Surfaceand air temperature are used



to calculate the velocity of ascending air. Combined with absolute humidity, thisis converted into the
volume of waterreleased to the atmosphere. The cost per 1 m® of new WRMs overdifferentland use
typesis multiplied by the volume of potential waterretention measures to estimate the investments
requiredtorealise new landscape-based WRMs. Via water retention measures, evapotranspirationis
increased, and usingthisinformation, the additional waterreleased to the atmosphere(i.e. additional
cooling) is calculated. This is translated into the solar energy transferred to evaporation, and thus to
the assessment of near-surfacetemperature reduction on ‘hot days’ over different land uses. To assess
the impacts of WRMs on the local climate and hydrology, and to estimate costs and benefits of the
measures, a series of calculation steps were required, outlined below. Numerous data were required

to performthe calculations, summarised below.

The first part of the method estimates the volume of water transported from surfaces to the
atmosphere. It aims to reflect water that is ‘lost’ from surfaces due to overheating as a result from
being altered from their natural state. The area of land covered by different land classes was
determinedin each sub-region (Figure 1). The land classes (m?) are: forests, agricultural land, wetlands
and meadows, bare ground, water, vineyards, pastures and permanent grasslands, urban areas, and
roads, which were obtained from the SWIMand CAPRI models (next section). The airtemperature (T,
°C) was assessed forarange of values from 18°Cto 40°C, correspondingto an emphasis on the growing
season. T, was related to the surface temperature (T;; °C) viaa T,-Ts lookup table (based on longterm
data collection, see Hesslerova et al. 2013, 2019, 2021; Ellison etal.2017; Supplementary Information).
As an example, ata T, of 20°C, the T, is 25°C for bare ground and urban areas and 18.5°C for forests.
Relative humidity (Rh; %) is a variable that together with T,, yields values of absolute water humidity
(Awn; 8 m3) via another lookup table (based on a h-x diagram; Supplementary Information). For each
T, between 18and 40°C, Rh was varied from 10-100%, giving 230 combinations of T,and Rh. From the
above, the velocity of ascending air, i.e. vertical acceleration of an air particle due to temperature

difference (V,; ms?)isascertained:

Va='g* ((Ta_Ts)/Ta) (1)
where g is the acceleration under gravity (9.81 m s2). This is a simplification of the principle, not
consideringthe change in the velocity of the emerging particle with height. V,is multiplied by 3600 to

obtain the volume of hot air released from 1 m? of heated surface in one hour (V,; m® hrl). Thisis

subsequently converted to the volume of watertransported (V; | m2 hr?) using:

V.= (Aw * Vi) / 1000 (2)



This is converted again into the volume of water transported (V..; m3) from each land class in each

sub-areainone hour:

V. = (land classarea * V,) / 1000 (3)

The second part of the method is concerned with the potential impacts of landscape-based water
retention measuresin storing waterin the landscape, reducing near-surface airtemperatures. For the
remaining calculations, a number of assumptions are made regarding the volume of water stored in
water retention measures in different land use classes, the investments required to construct the
measures, the intensity of new water ‘created’, the increase in evapotranspiration (Et), the potential
increase in agroforestry production, sensible heatreduction,and the potentialtemperature reduction

(Table 1).

Table 1: assumptions for parameters used inthe estimation of the impact of water retention measures.

Land use Water Investment Increase of Agroforestry  Sensible heat Temperature
retention (€m3) evapotranspiration production reduction(GWh reduction(°C)°
potential (mm ha! day?) (€hal)d ha! day-1)*

(m? ha')?
Urban® 300 20 6 0 0.042 4.8
Agriculture’” 100 5 4 75 0.028 3.2
Forest 40 5 2 75 0.014 1.6

1Defined for an average rainfall of 35 mm. The retention potential is based on Krav¢ik (2021).

2Assumed that each 5000 m3 of water retention creates water sources atanintensityof 1 1s1

3Assumingthat 1.5 tincreasein production=€75

4Evaporationof1 | requires 700 Wh (rounded valueused in calculations. The specific heat of water vaporization
depends on the temperature atwhichvaporizationtakes place. At normal air pressurethevalues areas follows:
0 °C~2500kJ kgt (695 Wh); 25 °C ~ 2450 kJ kg'* (680 Wh); 100°C ~ 2250 kJ kgt (627 Wh).

SEvaporation of 80000 m3 water at a height of 100 m decreases temperature by 1°C

6Includes builtup areas and road infrastructure

7Includes agricultureland, grasslands, gardens, and vineyards

The volume potential of water retention measures (x10° m?) is estimated by multiplying the area of
the land use class by the water retention potential and dividing by 1000000. The investment

requirement is estimated by multiplying the volume potential by the investment required per 1 m3.



The increase in (agricultural) production is the product of area and agroforestry production. Total
sensible heat reduction (GWh) isthe area multiplied by the valuesin Table 1. The decrease of the local

temperature (Tqy.p) during hot daysis calculated using:

Tarop = area of the land use class * (temperature reduction / total land area) (4)

where the temperature reductionis givenin Table 1.

Data

The Soil and Water Integrated Model (SWim; www. pik-
potsdam.de/en/institute/departments/climate-resilience/models/swim), an eco-hydrological semi-
distributed model, was a data source for this study. Relevant data from SWIM include spatially
distributed monthly-aggregated values for runoffand evapotranspiration. Land use and crop data were
provided by the European Corine Land Cover database (https://land.copernicus.eu/pan-
european/corine-land-cover) and Common Agricultural Policy Regionalised Impact Modelling System
(CAPRI; www.capri-model.org/dokuwiki/doku.php) model. The data were aggregated to the 15 sub-
regions for this study (Figure 1). CAPRI data are used at NUTS-2 level, and no further processing was
required. Local data were needed for specific landscape climatic effects (represented by degrees of
cooling and air velocities) typically induced by different types of land cover in the region. This was
based on long-term monitoring of temperature effects of different types of land cover (20-year
research and monitoring of ENKI) underlocal meteorological conditions and at different times of the
year, with emphasis placed on the growing season. Table 2 summarises the data used in the study.

Table 3 detailsthe land class areasin each of the 15 sub-regions.

Table 2: data sources and units

Data Units Source
Areadata — non-agricultural ha; m? SWIM
Areadata — agricultural ha; m? CAPRI
Precipitation mm SWIM
Evaporation/evapotranspiration mm SWIM
Temperature °C SWIM

Solarradiation W m? SWIM



Humidity % SWIM

Table 3: land class areal coverages (ha) in each of the 15 study sub-regions(see Figure 1 for sub-region

map). Data from CORINE, SWIM and CAPRI.

12
13

14

Sub- Forests Agriculture Wetlands Bare Water Vineyards Pastures Urban Roads
.egion ground
509214 1446220 27330 3037 75122 0 395032 66130 3404
1116435 1410830 25082 16418 68124 30 441232 186863 7629
463271 1422650 9425 8388 20357 720 239523 105793 2551
545912 1007550 7486 3718 5734 0 215183 90651 1328
504483 1085960 5114 10516 27462 390 267356 169278 4046
293455 397060 10927 15396 7267 210 136305 32616 1780
406062 729300 3279 1811 4452 0 150698 68590 1472
317190 709970 2651 2093 7890 300 46748 76894 3566
679720 922780 12787 1814 22481 0 259298 48576 1467
406218 881470 1511 1334 9305 20450 55104 65296 1351
342746 485680 4544 651 2455 380 89364 52764 1381
185030 297060 603 2030 3784 0 74355 39614 1645
457454 941050 4267 2076 17672 1010 33770 110747 2768
852302 471370 20213 2113 7703 400 136812 54418 1315
690841 581810 7020 7096 6952 1070 97938 68874 2330

15

For the costs and benefits of water retention measures, the costs associated with forest restoration
and loss of climate ecosystem functions are in the order of €1.5 million ha' year?(Sejak et al. 2018),
costs thatexceed the cost of restoration of agricultural landscapes. Itisestimated that the construction
of one cubic meter of bioretention volume in a developed, urbanized area will amount to €28 m=3. In
otherlandtypes (forest, farmingland, pastures, orchards, gardens, vineyards), water retaining projects

cost €5 m3; https://www.waterholistic.com/wp-content/uploads/2021/05/KSK-EN.pdf). It is

estimated thatarable land willincrease crop production by c. €80 ha!if water-retaining measures are
implemented. The expected increased yield on permanent grasslands is c. € 40 ha. The projected
benefitdue toenhanced wood production is€20 ha (Program Obnovy Krajiny, 2021). It is important
to note that the cost assessment of nature-based and local water-retention measures is case specific,

and as such costs reported here should not be directly transferred to other locations. Costs can be



affected by the type, complexity, location, and size of proposed measures, as well as landscape
typology (Okruszko and Bokal, 2020). As an example, Staccione et al. (2021) report water retention

measure costsin Italy of €12-14 m™3,

Results
Water transported from land surfaces

Results demonstrate howdifferentland cover typeslose water through water vapourtransport caused
by an overheated landscape (Figure 4). The volume of transported water gives a potential expressing
how much water, depending on the difference between T,-T;and Rh, can be heldin a unit volume of
air above a givensurface. Positive differences means no waterloss, i.e. there is no ascendingair, and
water stays within the vegetation. Negativevalues (largerthan 5°C) cause movement of hot airthat is
able to draw waterfrom the surroundings and drain the landscape. The volume of water transported
from landscapes at 18°C and 40°C, and for Rh from 10 - 90%, is shown in Figure 4. The trend for all land
classes is that the water volume transported increases signifcantly as the surface temperature
increasingly exceeds the air temperature. Croplands are shown to transport the largest volumes of
water fromland surfaces with significant variation between the 15 regions indicated by the height of
the bars in Figure 4, supporting the suggestion that extensive monocultered croplands can lead to
surface drying. Urban areas and pastures show the next largest volumes of water transport. Forests
show negative values of water transport, implying that forests act of local moisture storage areas,

retaining waterin thelandscape, contributing to local hydrological cycle closure by evapotranspiration.
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Figure 4: volume of water transported from differentland types (Table 3) in one hour for (a) T, =18°C
and; (b) 40°C. Each columnrefersto differentvaluesof Rh, from 10 to 90%. Note the differenceiny-
axis scale between (a) and (b). Boxes show the ranges across the 15 case study regions in each land

use class. Dots indicate statistical outliers.

Water retention measure volume potentials

Croplands offer the highest water volume potential regarding water retention measures (Figure 5;
mean = 88 million m3),followedby urban areas, forests,and pastures.Theseland uses, if appropriately
managed, show large potential to store water, helping mitigate flood runoff during wet periods and
watershortagesin drought periods.Roads and vineyards show limited potential for water storage due

to theirsmall areas.
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Figure 5: the potential volume of water retention measures on different land uses (Table 3). Boxes

show the ranges across the 15 case study regions. Dots represent statistical outliers.

Water retention measure investments

The investments needed to finance the developmentof WRMs varies greatlyamongthe land use types
(Figure 6). Urban (mean = € 490 million) and croplands (mean = € 440 million) require the largest
investments, thoughcroplands offerafar greater volume potential for water retention measures than
urban areas (Figure 5). The high cost for measuresinurban areasis due to higherland valuesin urban
areas relative to croplands. This is due to greater infrastructure and service disruption, as well as to
higher land prices in urban areas associated with new developments. Other land uses require
considerably lessinvestment to meet WRM volume potentials. Cropland offers good value for money

interms of Euros pervolume of waterretention, especially when compared with urban areas.
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Figure 6: investments needed to finance water retention measures on different land uses (Table 3).

Boxes show the ranges across the 15 case study regions. Dots represent statistical outliers.

Water retention measure benefits: crop production increases and landscape cooling potential

The estimated increase in production from productive land uses suggests that the greatest gains are
expected on croplands and forest lands (Figure 7). Croplands show the greatest potential
improvements in production that could result from increased water stored in retention measures
assuming the water would be beneficially utilised. Pastures and vineyards offer lower production

increase potentials due to theirlower productivity and extension respectively.
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Figure 7: estimated productionincreases on productive land uses. Boxes show the ranges across the

15 case study regions. Dots represent statistical outliers.

The implementation of WRMs is expected to lead tolocal landscape cooling,in particular lowering the
local temperature during hot days (Figure 8). The greatest temperature decreases are expected over
croplands (mean = -1.6°C). Forests, pastures, and urban areas may also experience temperature
reductions resulting from the implementation of water retention measures. These temperature
reductions could lead to lower irrigation water demand (on cropland), air conditioning requirements
(inurban areas), and a more comfortable urban environment. The values for forests depend on the

health of the stands.
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Figure 8: decrease inlocal temperature on differentland uses during hot days in the study area. Boxes

show the ranges across the 15 case study regions. Dots represent statistical outliers.

Discussion

Results demonstrate that altered and degraded landscapes, especially croplands and urban areas,
contribute to excessive water being transportedfrom the surface to the atmosphere (Figure 4), leading
to surface drying, heating, and elevated crop water requirements, in line with the idea that lifting of
hot, moist air contributes to heating and drying of those landscapes, leading to a positive feedback
effect (Hesslerovaetal. 2019; Pokorny 2019; Sejak etal. 2022). Resultsdemonstratethatforest areas
are ‘watersinks’, leadingto alocally-closedwater cycle. Detrimental impacts of landscape degradation
(excessivetemperatures, water transfer away from the surface, soil nutrient losses, loss of agricultural
income) have been reported in other studies (Burek et al. 2012; Mchunu and Chaplot, 2012; Salvati
and Carlucci, 2013; Montanarella, 2015; Sutton et al. 2016; Pravalie, 2021). Rejuvenation of the
landscape through the implementation of WRMs can counter-act this effect, especially when done
alongside other nature-based regeneration methods (e.g. Burek et al. 2012; EC, 2013). The values of
local temperature reduction calculated in this study for forest stands are not negligible (c. 0.5°C),
howeverthis depends on their health status. Inthe case of deterioration of forest health or complete
decay of the stands, their ability for local temperature reduction can substantially decrease (Hesslerova
et al. 2018). To counteractthe historical impacts of widespread land degradation, this study suggests
that croplands and urban areas offer the greatest potential for WRMs in the study area in terms of
water retention (Figure 5) and local landscape cooling (Figure 8). However, siting water-retention

measuresinurban areas is significantly costlier than on croplands due to the elevated land pricesand



enhanced service disruption (Figure 6). Croplands would be cheaperregarding the implementation of
such measures, offering greater return on investment opportunity. Thisfindingis given further support
by results showing that croplands offer the greatest agricultural potential for production increases
(expressedin€; Figure 7) due to theirlarge extent and high levels of production. Mitigating reductions
in agricultural income from landscape degradation through the implementation of landscape
restoration measures has been reported elsewhere (Salvati and Carlucci, 2013; Pravalie, 2021),
suggesting that monetary benefits can be realised. This is important, as global financial losses from
degraded arable landscapes are considerable (US$400 billion from water-related soil erosion alone;
Montanarella, 2015). As an additional benefit, restoring WRMs on croplands leads to the greatest
degree of local atmospheric cooling (0.5 — 2°C; Figure 8). Based on empirical experience, there are
discrepancies with the values reported for urban areas, which are probably underestimated here.
Althoughthese areas oftenoccupy asmall areainthe landscape, theirimpact on the local climate and
runoff is crucial. When implementing water retention measures in urban areas, a reduction in
temperature of up to 4°C can be expected (0.2°C from study results), as well as flood management,
biodiversity protection, climate change adaptation, and improved urban planning (Zeleridkova et al.
2017). Otherstudiesreportsignificant landscape cooling effects over non-degraded landscapes (Lewis
et al. 2015; De Frenne et al., 2021), supporting the findings in this work which suggest that restoring
the landscape to a natural state will bring local climate regulation benefits (cf. Belete et al. 2020).
Despite this, ithas beenshown that evenwhenlandscape-based restoration attempts are made, long-
term improvements in biodiversity metrics are not guaranteed, especially on fragile peat lands

(Krejcovaetal. 2021).

It is suggested that in this transboundary case study, the implementation of nature-based WRMs on
predominantly monocultured agricultural land offer the cheapest, and most effective contributions
regarding the rejuvenation of local landscape ecosystem functioning, as well as potentially offering
significantreturns oninvestmentvia enhanced production opportunities. A recent scoping study inthe
KoSice Region, Slovakia, suggested that due to potential productivity increases resulting from water-
retention measures on arable lands, vineyards, orchards and gardens, grasslands, and forests, the
medium-terminvestment required forthese measures (c. €400 million over 10years) will be retumed
in about 13 years (Kravcik, 2021). Similarly, Krav¢ik et al. (2021) describe the impacts of local scale
landscape restoration measures in Jarabina village, Slovakia. Potential water retention measures are
expected to increase water availability, improve crop yields, and lead to moderate temperature
regulation. The work of Kravéik et al. (2021) demonstrates the locally-relevant impact of such
measures, whilethe work presentedin this paper extends the range of analysis from avillage to alarge

transboundary setting, highlighting the wider economic and social benefits of water retention



measures. As global arable land financial losses on degraded lands (Montanarella, 2015) are
significant, aside from any yield-related declines, any measures to reduce such losses, financial and
food-related, should be adopted, especially when it is shown that implementing these measures is
financially sustainablein the shortto mediumterm (cf. Grimaldi et al 2013; Salvati and Carlucci, 2013;

Kravcik, 2021; Staccione etal. 2021).

While agreeing with other studies showing that NBS, and water-retention measures in particular offer
opportunity forenhancinglocal water availability (Keestra et al. 2008; Strosser et al. 2015; Staccione
et al. 2021), this study goes further by offering quantitative estimates for potential productivity gains,
as well as quantifying the local atmospheric cooling potential. This cooling, leading to less water being
transported from surfaces (cf. Lewis et al. 2015; De Frenne et al., 2021; Sejak et al. 2022), can
contribute to lowercrop water requirements, and can lead to lowerair conditioning requirementsin
urban areas. Additionally, WRMs can improve local biodiversity, especially in urban areas (Zelerndkova
et al. 2017), and other ecosystem services including controlling soil and nutrient runoff (cf. Sutton et
al. 2016; van den Heuvel et al. 2020; Pravalie, 2021). This study offers further support for the cost-
effectiveness, as well as the wider beneficial impacts of NBS, and in particular, water-retention
measures. Afinal additional benefitthat such measures can bring is to decrease diurnal temperature
fluctuations. Such reductions in temperature swings can help prevent damage to young plants,

especiallyin springand early summer, potentially contributing toimproved crop yields.

This study made a number of assumptions that could be improved upon with further research. The
land coverage and climatological/hydrological data provided by the SWIM and CAPRI models were
aggregated to NUTS-Il levelregions. Thisleads to important features not being captured in thisanalysis,
for example the contrast between mountainous and lowland regions, identifying smaller towns and
villages, or being able to resolve locally-specific features such as woodlands, lakes, and ponds. Local
drought-impacted regions in lowlands with extensive agricultural land are not explicitly captured.
Likewise, local detail regarding erosion losses or water balances are notassessed here. Verylocal (i.e.
field-scale) level analyseswouldbe required in orderto resolve such features,and to plan accordingly,
including selecting the most appropriate type of waterretentionmeasure (following guidelines set out
in EEA, 2015 and Okruszko and Bokal, 2020). Similarly, the valuesin Table 1 are averages applied over
the study domain. Future work should seek to refine these for each country, for regions, or even
individual fields, making the results more locally applicable. Despite this, these results give order of
magnitude estimates of the costs and benefits of water-retention NBSinthe study area, demonstrating
theireffectivenessin restoring landscape functionality and mitigating climate impacts (cf. Burek et al.
2012; EEA, 2015; Zelenakova et al. 2017; Nyameke et al. 2020). It is hoped that together with local

efforts such as those described in Kravcik (2021), this study will contribute to incentivising action



towards practical support for water-retention initiatives contributing to landscape recovery

programmes throughout the east German-Czech-Slovak region and beyond.

Conclusions

Historical policies from the middle of 20" century leading to increasingly large, monocropped
agricultural landscapesand expandingurban areain last 25years, has led to degradation of traditional
landscapesin eastern Germany, the Czech Republic, and Slovakia. The recentand growinginterestin
nature-based solutions, including water-retention measures, is a response to reversing landscape
degradation, rejuvenating ecosystem services, and mitigating the impacts of both large-scale
commercial agriculture and climate change. Dry surfaces (agriculture, urban), overheated by solar
radiation and sensible heat, draw water from the surroundings and drives warm, moist air high into
atmosphere. In this study, the potential costs and benefits of water-retention measures in east
Germany, the Czech Republic, and Slovakia are estimated. Results indicate that water-retention
measures offer increased water storage over all land use classes, can increase crop productivity, and
can aidin landscape cooling. Croplands are suggested as being the best ‘valuefor money’, offering the
greatest volume potentials, cooling effects, and productivity gains, while also being the cheapest to
implement perunitarea. Local studiesin alocal regionin the east of Slovakia indicate an approximately
13 year return on investment, with similar potential across the wider region studied here. However,
differing policiesin the threestates mean non-uniform selection orimplementation of measures.As a
result, local-level research within each countryisrequired to refine the values presented here, and to
offer locally-relevant guidance. This work contributes to the growing body of literature assessing the
costs and benefits of nature-based solutions, and particularly of water-retention measures, including
the potential for landscape cooling. As the world urbanises, and as more land is given over to large,
homogeneous cropland, such measures may prove critical in mitigating climate change, landscape
drying, flood runoff, and soil and nutrient loss from soils. This research adds to the evidence base for

natural water-retention measures and can serve as an entry pointfor furtheranalyses.

Acknowledgements

The work described in this paperhas been conducted withinthe project SIMANEXUS. This project has
received funding from the European Union’s Horizon 2020 research and innovation programme under
Grant Agreement No. 689150 SIMANEXUS. This paperand the contentincludedinitdo not represent

the opinion of the European Union, and the European Unionis not responsible for any use that might



be made of its content. JS thanks Dr. Michael Spencer (Global Open Finance Centre of Excellence,
Edinburgh, UK) for advice regarding data formatting, organisation, and R-coding. The authors thank
Tobias Conradt (Potsdam Institute for Climate Impact Research, PIK) for data and map contributions.

We thankanonymous reviewers who contributed to improving the quality of the manuscript.

References

Balden, D., Mehdi, B., Feldbacher, E., Piniewski, M., Hauer, C., Hein, T. 2021. Assessing multi-scale
effects of natural water retention measures onin-streamfine bed material deposits with amodelling

cascade. Journal of Hydrology. 594: 125702. DOI:10.1016/j.jhydrol.2020.125702

Barth, N.-C., D6ll, P. 2016. Assessing the ecosystem service flood protection of a riparian forest by

applying acascade approach. Ecosystem Services. 21:39-52. DOI: 10.1016/J.ECOSER.2016.07.012.

Belete, M., Deng, J., Abubakar, G.A., Teshome, M., Wang, K., Woldetsadik, M., Zhu, E., Comber, A,
Gudo, A. 2020. Partitioning the impacts of land use/land cover change and climate variability on water
supply over the source region of the Blue Nile Basin. Land Degradation and Development. 31: 2168-

2184. DOI:10.1002/1dr.3589

Borelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C., Meusberger, K., Modugno,
S., Schutt, B., Ferro, V., Bagarello, V., Van Oost, K., Montanarella, L., Panagos, P. 2017. An assessment
of the global impact of 21°* Centuryland use change on soil erosion. Nature Communications. 8. DOI:

10.1038/s41467-017-02142-7

Brouwer, F., Fournier, M. 2017. SIMANEXUS Deliverable D5.2: The main nexus challenges in 12 case

studies. 323pp. Available at www.sim4nexus.eu.

Burek, P., Mubareka, S., Rojas, R., de Roo, A., Bianchi, A., Baranzelli, C., Lavalle, C., Vandercasteele, I.
2012. Evaluation of the effectiveness of natural water retention measures. Support to the EUBlueprint
to safeguard Europe’s waters. JRCScientificand Policy Reports. European Commission, Joint Research

Centre. European Union, Luxembourg. 131pp. DOI: 10.2788/5528

Cohen-Sachman, E., Walters, G., Janzen, C., Maginnis, S. 2016. Nature-based Solutions to Address

Global Societal Challenges. Gland, Switzerland.

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B.R., Zellweger, F., Aalto, J., Ashcroft, M.B., Christiansen,
D.M., Decocq, G., De Pauw, K., Govaert, S., Greiser, C., Gril, E., Hampe, A., Jucker, T., Klinges, D.H.,,
Koelemeijer, I.A., Marrec, R., Meeussen, C., Ogee, J., Tyystjarvi, V., Vagansbeke, P., Hylander, K. 2021.


http://www.sim4nexus.eu/

Forest microclimates and climate change: Importance, drivers, and future research agenda. Global

Change Biology. 27: 2279-2297. DOI:10.1111/gcb.15569

EC. 2013. Synthesis document No. 1: Introducing natural water retention measures: what are NWRM?

15pp. Available at www.nwrm.eu.

EC. 2015. Towards an EU Research and Innovation Policy Agenda for Nature-Based Solutions and Re-
naturing Cities. Brussels, Belgium. 76pp. Available at: op.europa.eu/en/publication-detail/-

/publication/fb117980-d5aa-46df-8edc-af367cddc202

EEA. 2015. Exploring nature-based solutions: the role of green infrastructure in mitigating the impacts
of weather- and climate change-related natural hazards. EEA Technical report No 12/2015. 66pp.

Available at: eea.europa.eu/publications/exploring-nature-based-solutions-2014

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., van Noordwijk,
M., Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D.V., Tobella, A.B., lIstedt, U., Teuling, A.J,,
Gebrehiwot, S.G.,Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y., Sullivan, S.A. 2017. Trees,

forests and water: cool insights forahot world. Global Environmental Change 43: 51 — 61.

EU, 2019. The European Green Deal. Communication from the commission to the European
parliament, the European council, the council, the European economicand social committee and the
committee of the regions. Brussels, 11.12.2019. https://eur-
lex.europa.eu/resource.html?uri=cellar:b828d165-1c22-11ea-8clf-
0laa75ed71a1.0002.02/DOC_1&format=PDF

Grimaldi, S., Angeluccetti, I., Coviello, V., Vezza, P. 2013. Cost-effectiveness of soil and water
conservation measureson the catchment sediment budget—The Laaba Watershed case study, Burkino

Faso. Land Degradation and Development. 26: 737-747. DOI: 10.1002/Idr.2212

Hayha, T., Franzese, P.P. 2014. Ecosystem services assessment: a review under an ecological-economic

and systems perspective. Ecological Modelling. 289: 124-132. DOI: 10.1016/j.ecolmodel.2014.07.002.

Hesslerova, P., Pokorny, J., Brom, J., RejSkova — Prochazkovd, A. 2013. Daily dynamics of radiation
surface temperature of different land cover types in a temperate cultural landscape: Consequences

for the local climate. Ecological Engineering 54: 145— 154.

Hesslerova, P., Huryna, H., Pokorny, J., Prochazka, J. 2018. The effect of forest disturbance on

landscape temperature. Ecological Engineering. 120: 345 - 354,



Hesslerova, P., Pokorny, J., Huryna H., Harper, D. 2019. Wetlands and forests regulate climate via
evapotranspiration.In. An,S.and Verhoeven J. T.A. (Eds). Wetlands: Functions, Restoration and Wise

Use. Ecological Studies 238, Springer, pp. 63 —93.

Hesslerova, P., Pokorny, J., Huryna, H., Sejak, J., Jirka, V. 2021. The impacts of greenery on urban
climate and the options for use of thermal data in urban areas. Progress in Planning. 100545. DOI:

10.1016/j.progress.2021.100545

Hodgson, J.A., Wallis, D.W., Krishna, R., Cornell, S.J. 2016. How to Manipulate Landscapes to Improve
the Potential for Range Expansion. pp. 1558-1566. DOI: 10.1111/2041-210X.12614

Hoff, H. 2011. Understanding the nexus. Proceedings of the Background Paper for the Bonn2011
Conference: The Water, Energy and Food Security Nexus, Stockholm,Sweden, 16-18 November 2011.

Huryna, H., Brom, J., Pokorny, J. 2014. The importance of wetlands in the energy balance of an

agricultural landscape. Wetland Ecology and Management. 22(4): 363 — 381.

Huryna H., Pokorny J. 2016. The role of water and vegetation in the distribution of solar energy and

local climate: areview. Folia Geobotanica 51: 191 — 208. DOI: 10.1007/s12224-016-9261-0

IPBES. 2019. Global Assessment Report on Biodiversity and Ecosystem Services. Summary for
Policymakers of the Global Assessment Report on Biodiversity and Ecosystem Services of the
Intergovernmental Science-Policy Platformon Biodiversity and EcosystemServices. Diaz, S., Settele, J.,
Brondizio, E.S., Ngo, H.T., Gueze, M., Agard, J., Arneth, A., Balvanera, P., Brauman, K.A., Butchart,
S.H.M.,, Chan, K.M.A., Garibaldi, L.A., Ichii, K., Liu, J., Subramanian, S.M., Midgley, G.F., Miloslavich, P.,
Molnar, Z., Obura, D., Pfaff, A., Polasky,S., Purvis, A., Razzaque, J., Reyers, B., Roy Chowdhury, R., Shin,
Y.J., Visseren-Hamakers, I.J., Willis, K.J., Zayas C.N. (eds.).IPBES secretariat, Bonn, Germany. 56pp. DOI:
10.5281/zenodo.3553579

Iseman, T., Miralles-Wilhelm, F. 2021. Nature-based solutions in agriculture — The case and pathway

for adoption. Virginia. FAO and The Nature Conservancy. DOI: 10.4060/cb3141en

Lewis, S.L., Edwards, D.P., Galbraith, D. 2015. Increasing human dominance of tropical forests. Science.

349: 94-117. DOI: 10.1126/science.aaa9932

Keestra, S., Nunes, J., Novara, A.,Finger, D., Avelar, D., Kalantari, Z., Cerda, A. 2018. The superior effect
of nature based solutionsinland management for enhancing ecosystem services. Science of the Total

Environment. 610-611: 997-1009. DOI: 10.1016/j.scitotenv.2017.08.077



Khan, S., Hanjra, M.A. 2008. Sustainable land and water management policies and practices: a pathway
to environmental sustainability in large irrigation systems. Land Degradation and Development. 19:

469-487. DOI: 10.1002/Idr.852

Krejc¢ova, J., Vincentini, F., Flynn, T., Mudrak, O., Frouz, J. 2021. Biodiversity loss caused by subsurface
pipe drainage is difficult to restore. Ecological Engineering. 170: 106336. DOI:
10.1016/j.ecoleng.2021.106336

Kravéik, M. 2021. Green restoration program for the KoSice Region of Slovakia: Landscape and

Watershed recovery 2021-2030. Available at: www.waterholistic.com/wp-

content/uploads/2021/05/KSK-EN.pdf

Kravcik, M., Pokorny, J., Kohutiar, J., Kovac, M., Téth, E. 2007. Water forthe Recovery of the Climate —

A New Water Paradigm. Krupa Print, Zilina, Slovakia. 94pp.

Kravéik, M., Gabris, P., KravCikova, D. 2021. Projects implemented and lessons learnt from the New
Water Paradigm. In: Leal Filho, W., Leutz, J.M., Ayal, D. (Eds.). Handbook of Climate Change
Management. Springer, Cham. DOI: 10.1007/978-3-030-57281-5 132

Liu, Y., Engel, B.A., Flanagan, D.C., Gitua, M.W., McMillan, S.K., Chaubey, |. 2017. A review on the
effectiveness of best management practices in improving hydrology and water quality: Needs and
opportunities.  Science of the Total Environment. 601-602: 580-593. DOI:
10.1016/j.scitotenv.2017.05.212

Lodemann, J., Ziegler, R., Varga, P. 2010. The New Water Paradigm, human capabilities, and strong
sustainability. International Journal of Water. 5: 429-441. DOI: 10.1504/1JW.2010.038734

Magaudda, S., D’Ascanio, R., Muccitelli, S., Palazzo, A.L. 2020. “Greening” green infrastructure. Good
Italian practices for enhancing green infrastructure through the common agricultural policy.

Sustainability. 12: 1-22. DOI: 10.3390/s5u12062301.

Makarieva, A.M., Gorshkov, V. 2007. Biotic pump of atmospheric moisture as driver of the hydrological

cycle on land. Hydrology and Earth Syst. Sciences 11: 1013-1033.

Masi, F., Rizzo, A., Bresciani, R., Conte, G. 2017. Constructed wetlands for combined sewer overflow
treatment: ecosystem services at Gorla Maggiore. Italy. Ecological Engineering. 98: 427-438. DOI:
10.1016/j.ecoleng.2016.03.043.


http://www.waterholistic.com/wp-content/uploads/2021/05/KSK-EN.pdf
http://www.waterholistic.com/wp-content/uploads/2021/05/KSK-EN.pdf

Mayor, A.G., Bautista, S. 2012. Multi-scale evaluation of soil functional indicators for the assessment
of water and soil retention in Mediterranean semiarid landscapes. Ecological Indicators. 20: 332-336.

DOI: 10.1016/j.ecolind.2012.03.003

Mchunu, C., Chaplot, V. 2012. Land degradation through impact on soil carbon losses through water
erosion and CO, emissions. Geoderma. 177-178: 72-79. DOI: 10.1016/j.geoderma.2012.01.038

Midriak, R. 2004. From Threats of Erosion to the Desolation of the Soil in Slovakia. Third Soil Science
Days in the Slovak Republic, VUPOP Bratislava, Slovakia. pp. 193 — 200

Montanarella, L. 2015. Govern our Soils. Nature. 528: 32-33. DOI: 10.1038/528032a

Nyamekye C., Schonbrodt-Stitt, S., Amekudzi, L.K., Zoungrana, B.J.-B., Thiel, M. 2020. Usage of MODIS
NDVI to evaluate the effect of soil and water conservation measures on vegetation in Burkino Faso.

Land Degradation and Development. 32: 7-19. DOI: 10.1002/Idr.3654

Okruszko, T., Bokal, S. 2020. Practical Guidelines on Planning Natural and Small Water Retention
Measures in River Basins. Interreg FramWat. 33pp. Available at: www.interreg-

central.eu/Content.Node/DT353-Guidelines.pdf

Pokorny, J. 2019. Evapotranspiration. In B.D. Fath (Ed.), Encyclopedia of Ecology,2nd edition, vol. 2. pp.
292-303. Oxford:ElsevierB.V.

Pokorny, J., Hesslerovd, P., Huryna, H., Harper, D. 2016. Indirectand direct thermodynamics effects of
wetland ecosystems on climate. In: J. Vymazal (Eds.), Natural and Constructed Wetlands. Nutrients,

heavy metalsand energy cycling, and flow. pp. 91-108. Springer- Cham.

Pravalie, R. 2021. Exploringthe multiple land degradation pathways across the planet. Earth Science

Reviews. 220:103689. DOI: 10.1016/j.earscirev.2021.103689

Program Obnovy Krajiny. 2021. KoSice Region of Slovakia Landscape and Watershed Restoration Plan

2021-2030. 45pp.
Ripl W. 1995. Management of Water Cycle and Energy Flow for Ecosystem Control — The Energy-
Transport-Reaction (ETR) Model. Ecological Modelling. 78: 61 — 76.

Ripl W. 2003. Water:the Bloodstream ofthe Biosphere.Philosophical Transactions of the Royal Sodety
of London B: Biological Science. 358: 1921 —1934.



Salvati, L., Carlucci, M. 2013. The impact of Mediterranean land degradation on agriculturalincome: A

short term scenario. Land Use Policy. 32: 302-308. DOI: 10.1016/j.landusepol.2012.11.007

Schumacher, D.L., Keune, J., Dirmeyer, P., Miralles, D.G. 2022. Drought self-propagation in drylands
due to land-atmosphere feedbacks. Nature Geoscience. DOI: 10.1038/s41561-022-00912-7

Sejak J., Pokorny J., Seeley K. 2018. Achieving Sustainable Valuations of Biotopes and Ecosystem
Services. Sustainability. 10: 4251. DOI: 10.3390/su10114251

Sejak, J., Machar, |., Pokorny, J., Seeley, K., Elznicova, J. 2022. Restoring natural forests as the most
efficient way to water quality and abundance: Case study from Zelivka River Basin. Sustainability. 14:

814. DOI: 10.3390/5u14020814

Staccione A., Broccoli D., Mazzoli P., Bagli S., MysiakJ. 2021. Natural water retention ponds forwater
management in agriculture: A potential scenario in Northern Italy. Journal of Environmental

Management. 292: 112849. DOI: 10.1016/j.jenvman.2021.112849

Strosser, P., Delacdmara, G., Hanus, A., Williams, H., Jaritt, N. 2015. A guide to supportthe selection,
design and implementation of Natural Water Retention Measures in Europe - Capturing the multiple
benefits of nature-based solutions. Final version, April 2015. 98 pp. Available at www.nwrm.eu. DOI:

10.2779/761211

Sudnik, J., Masia, S. 2020. SIMANEXUS Deliverable D3.6: Complexity Science Models Implemented for

all Case Studies. 138pp. Availableat www.sim4nexus.eu.

Sutton, P.C., Anderson, S.J., Costanza, R., Kubiszewski, I. 2016. The ecological economics of land
degradation: Impacts on ecosystem services values. Ecological Economics. 129: 182-192. DOI:

10.1016/j.ecolecon.2016.06.016

UN General Assembly, 2015. Transforming our world: the 2030 Agendafor Sustainable Development.
A/RES/70/1. 21 October 2015.
https://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E

van den Heuvel L., Blicharska M., Masia S., Susnik J., Teutschbein C. 2020. Ecosystem services in the
Swedish water-energy-food-land-climate nexus: anthropogenic pressures and physical interactions.

Ecosystem Services. 44:101141. DOI:10.1016/j.ecoser.2020.101141

Zelendkova, M., Diaconu, D.C., Haarstad, K. 2017. Urban water retention measures. Procedia

Engineering. 190: 419-426. DOI: 10.1016/j.proeng.2017.05.358


http://www.nwrm.eu/
http://www.sim4nexus.eu/
https://www.researchgate.net/publication/361057606

