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Preface

The intricate interplay between human activity and the environment has underscored the

urgency for innovative research approaches and practices to address the challenges of sustainable

land management, preservation, and restoration. The profound impact of these issues on ecosystems,

biodiversity, and human well-being demands a concerted effort in exploring novel solutions and

in contributing to the global discourse on environmental sustainability. This Special Issue, titled

“Innovative Research Approaches & Practices towards Sustainable Land Management, Preservation

& Restoration,” presents an array of cutting-edge research articles that investigate various aspects

of land management and conservation. The papers featured offer insights into a number of topics,

ranging from geospatial approaches to assessing ecological restoration sites in post-fire landscapes to

the effects of agricultural policies on sustainable rural development in European agriculture. These

studies exemplify the multidisciplinary nature of contemporary research by addressing issues such

as soil erosion, water loss, carbon sequestration, and the restoration of degraded landscapes.

The contributors to this Special Issue employ advanced geospatial technologies, sustainable

agricultural practices, and policy analyses to develop comprehensive solutions that aim to strike a

balance between the needs of human societies and those of the natural environment. By leveraging

these diverse approaches, these authors pave the way for sustainable land management practices

that are environmentally conscious and beneficial to future generations. This preface serves as

an introduction to a collection of works that not only highlights the challenges we face, but

also underscores the innovative solutions researchers are devising to navigate the complexities of

sustainable land management. As we navigate these uncharted territories, we also extend our

gratitude to the authors for their invaluable contributions and hope that this Special Issue will inspire

further collaborative efforts to safeguard our planet for future generations.

Kleomenis Kalogeropoulos, Andreas Tsatsaris, Nikolaos Stathopoulos, Demetrios E. Tsesmelis,

Nilanchal Patel, and Xiao Huang

Editors
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A Geospatial Approach to Identify and Evaluate Ecological
Restoration Sites in Post-Fire Landscapes
Stefanos Dosis 1, George P. Petropoulos 1,* and Kleomenis Kalogeropoulos 2

1 Department of Geography, Harokopio University of Athens, El. Venizelou 70, 17676 Athens, Greece;
stefdosis@gmail.com

2 Department of Surveying and Geoinformatics Engineering, University of West Attica, Ag. Spyridonos Str.,
12243 Athens, Greece; kkalogeropoulos@uniwa.gr

* Correspondence: gpetropoulos@hua.gr

Abstract: Wildfires are a pervasive natural phenomenon in Mediterranean forest ecosystems, caus-
ing significant ecological imbalances that demand immediate restoration efforts. The intricacy of
reinstating the ecological balance necessitates a proactive approach to identifying and assessing
suitable restoration sites. The assessment and investigation of the most suitable restoration sites is of
particular importance both for the relevant authorities and for planning and decision making by the
state. This study proposes the development of a user-friendly model for evaluating and identifying
the most suitable restoration sites immediately after a fire, using geoinformation technologies. For
the purposes of demonstrating the method’s applicability, the 2016 fire of “Prinos”, Thasos, Greece,
an area that has been repeatedly affected by forest fires, was chosen as a case study. The methodology
evaluation was carried out by applying the weighted multicriteria decision analysis method (MC-
DAM) and was based on a number of variables. The analysis, processing and extraction of the results
were performed using primarily remote sensing datasets in a geographical information system (GIS)
environment. The methodology proposed herein includes the classification of the individual criteria
and their synthesis based on different weighting factors. In the final results, the restoration suitability
maps are presented in five suitability zones based on two different scenarios. Based on this study,
the integration of geospatial and remote sensing data offers a valuable and cost-effective means for
promptly assessing post-fire landscapes, with the aim of identifying suitable restoration sites.

Keywords: wildfires; forest restoration; geographical information systems; multicriteria analysis;
normalized burn ratio index; remote sensing; earth observation

1. Introduction

Forest ecosystems, as natural formations, are vulnerable to a range of natural and
anthropogenic threats, which have significant impacts on ecosystem health and are often
directly related to their degradation [1–4]. Wildfires are one of the threats that bring
devastating results at environmental, economic and social levels [5,6]. Although it is a
natural phenomenon that occurs extensively in all Mediterranean forest ecosystems, the
frequency and magnitude of its occurrence in recent decades highlight the magnitude of the
problem. According to the European Commission’s 2020 technical report on wildfires [7],
climate change is directly related to the increase in incidents, both at the level of fire
initiation and in the indirect change in vegetation and fuel characteristics. The EU Strategy
for Adaptation to Climate Change recognized the severity of the problem and promotes
a series of measures in different sectors and activities, including reforestation initiatives,
vegetation management, community engagement and awareness, early warning systems [7].
Thus, climate change with prolonged periods of drought, combined with an increase in
average temperatures, especially during the summer months, has resulted in more frequent,
but also more severe, fires. If all of this is combined with the abandonment of the Greek

Land 2023, 12, 2183. https://doi.org/10.3390/land12122183 https://www.mdpi.com/journal/land
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countryside, the increase in urbanization in recent decades and the lack of management
of forest ecosystems, along with a consequent increase in fuel use, it is concluded that the
impacts of wildfires are even more devastating [8–10].

The Mediterranean landscape, with its special characteristics, the varied topography,
the mountain ranges and the abundance of flora and habitats, has been significantly af-
fected by fires [11]. Fire, as an integral part of the Mediterranean landscape, is therefore
a factor that has shaped and influenced the terrestrial ecosystems of the Mediterranean,
especially the Mediterranean vegetation zone and, to a lesser extent, the Mediterranean veg-
etation zone (vegetation zones as defined by the Braun–Blanquet classification system) [12].
These areas are dominated by species such as evergreen shrubs and trees, low shrubs and
toadstools, herbaceous plants and geophytes that mainly flower in spring and autumn.
In Greece, for example, there are mainly pure forests of coniferous conifers, pine halepensis
(Pinus halepensis) and Pinus brutia, while, to a lesser extent, there are stands of Pinus pinea,
Cupressus sempervirens, etc. Similarly, evergreen broad-leaved shrubs are spreading in
the southern and island regions, but also widely throughout the country, creating forests
and woodlands with species such as holly (Quercus coccifera), schisin (Pistacia lentiscus),
heather (Erica arborea), etc. These areas and forest species are primarily subject to the largest
number of wildfires occurring annually in the country during the fire season, from May to
October. These ecosystems and their species, in order to cope, have developed mechanisms
of adaptation to fires (such as resprouting or epicormic regeneration, thick bark, serotiny,
fire-adapted seeds, etc.) and are therefore considered to be fire-loving or fire-resistant
species [13]. However, even these fire-adapted ecosystems, when affected by repeated fires
or subjected to particularly severe destructive effects, are often unable to cope. As a result,
they are at immediate risk from soil erosion and landslides, but also in the long term from
loss of forest vegetation and the possibility of desertification [14].

The change in climatic conditions and the occurrence of increasingly frequent recurrent
fires in the same areas of thermophilic Mediterranean species, as well as in areas of higher
altitudes with cold-tolerant conifers, have resulted in these ecosystems being irreversibly
affected. In these cases, restoring ecological balance is particularly difficult and requires
immediate restoration measures, including protection of soil capital, erosion control, flood
control and artificial regeneration (reforestation) [15–18].

A government authority is not in a position to carry out reforestation in the entire
affected area mainly because of the high economic costs of reforestation works. However, it
must know which areas will be selected for intervention and which are most at risk after
the fire has passed. For this reason, it is particularly important to assess and investigate the
most suitable locations for implementing restoration measures. Moreover, according to a
Greek ministerial decision, it is foreseen that, within 15 days from the outbreak of a fire, the
competent services should be able to propose the areas and their parts that need immediate
restoration/reforestation. The ability to select suitable restoration sites in a timely manner
is important both for the competent authorities and for planning and decision making by
the Greek Government.

The advances in modern technologies and, in particular, of Geoinformation have
played a key role in decision-making systems and on the solution of complex problems.
The development of specialized and easy-to-use software, the increase in the power and
capabilities of computer systems have brought significant changes in spatial analysis and
in the field of wildfires compared to earlier analog methods of analysis and processing.
The advantages of these new Geoinformation technologies include the possibility of easy
recording and observation; the use of open data; the possibility of monitoring ecological
and socioeconomic parameters; and the evaluation, design and management of a decision-
making system [19–23].

The use of geographic information systems (GISs) as part of Geoinformation technolo-
gies is of great significance in the planning and analysis of complex spatial problems [24].
These are used to transform geographic data, process them, analyze and visualize re-
sults [25–27]. In particular, through GIS it is possible to achieve the identification of areas
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which carry a combination of features, the application of multicriteria parameter analysis to
solve complex phenomena, statistical data processing and the creation of decision making
models [28].

At the same time, remote sensing (RS) provides a wealth of high-resolution satellite
data available in recent years, and technological advances in science offer the possibility
of timely, remote and highly accurate spatial information, as well as a wide range of
possibilities [29–31]. They can contribute to parameter mapping and change detection, as
well as assessment and indicator generation [32–35].

The assessment of areas affected by catastrophic wildfires and the selection of areas
in need of immediate restoration is a complex and multifactorial process [17]. Through
the science of Geoinformation and its advantages, the analysis of the factors and criteria
related to the phenomenon becomes more accessible. While Geoinformation provides
valuable insights, it is crucial to recognize the inherent limitations, especially in cases where
ecosystems are exposed to novel climatic conditions. This approach enhances our under-
standing and helps us draw informed conclusions, acknowledging the potential impact
of imperfect ecological knowledge [36]. The development of an easy-to-use tool for the
direct, targeted and low-cost assessment of areas requiring further post-fire rehabilitation
is possible through modern technologies. The combination of geospatial and RS data to
investigate potential reforestation sites can provide useful and meaningful results [37,38].
These results, with the help of modern internet technologies and web-based GIS (WebGIS),
can be easily available and accessible to the general public. In recent years, there has
been a rapid advancement of the internet which has followed the general development of
the IT sector. This development has not been lacking in the field of GIS, where WebGIS
services have been developed for the processing, analysis and dissemination of geographic
information. These capabilities were based on a series of services and standards such as
WMSs (Web Map Services) and WFSs (Web Feature Services) based on the specifications of
the OGC (Open Geospatial Consortium). These services allow for easy and fast sharing
of geographic data with the public at large, as well as the possibility of editing by remote
users [39,40].

GIS and RS together have been used extensively in recent years to exploit and analyze
spatial information, to disseminate results in map form in an understandable way and to
facilitate decision making (e.g., [17,29]). They have been exploited in a multitude of studies
and are widely applied in the environmental field, particularly in wildfires and post-fire
succession and restoration [17,41–43].

Already in the previous decades, GIS had started to be used in relevant studies and
played an important role in data analysis and processing. In San Bernandino National
Forest, California, a fire prediction system developed, taking into account available geo-
graphic data and making use of GIS to calculate relevant indicators and the probability of
occurrence [44]. Epp and Lanonville [45] developed an intelligent fire management system
for Northwestern Canada, using GIS and remote sensing data. They included procedures
for fire risk prediction, fire progression and response planning. Later, in another study,
Ruiz-Gallardo et al. [46] generated a priority map of intervention after a forest fire in the
Southeastern Iberian Peninsula, taking into account fire severity, slope and exposure. They
propose a semi-automatic method to identify the areas that are most at risk of erosion,
using GIS technology and related remote sensing indicators.

In the contemporary literature, for example, Schulz and Schroder [47] used GIS to
evaluate areas with Mediterranean climate characteristics in Central Chile which are facing
deforestation and need immediate implementation of restoration programs. Their study
applied the spatial multicriteria analysis to identify sites for reforestation that meet mul-
tipurpose forestry, using land cover data. The use of such new tools of geoinformatics,
combined with data that can be quickly and easily assessed from satellite data, has been
applied in several works aimed at evaluating areas for restoration; for example, [35,48,49]
studied the rates of new vegetation emergence after a fire in a maritime pine forest in
Northwestern Spain, using high-resolution satellite data (WorldView-2). Fernández-Manso
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et al. [25] used radar and LIDAR datasets, combined with optical and thermal data, to map
the destruction and regrowth of Mediterranean pine forests after wildfires. The synergy
between the two sciences thus offers a wealth of advantages and opportunities, particularly
in the field of wildfires and restoration. In these fields, the study areas cover large areas, the
natural environment is dynamic and constantly changing, and, as a result, data collection
and field measurements are time-consuming and costly [18]. Therefore, the combination
of modern information technologies can provide easy, economical and accurate results to
identify and evaluate ecological restoration sites in post-fire landscapes [50].

The aim of this paper is to use geoinformatics technologies to create an easy-to-use
model which provides the possibility to evaluate and identify the most suitable sites for
restoration after a wildfire. For the purposes of this work, the boundary of the catastrophic
fire of 2016 in the area of Prinos, Thasos Island, was chosen as the study area. The selection
was made by taking into account all available data and the physical and geographic
characteristics of the area. It was also taken into account that this forest ecosystem has been
repeatedly affected by wildfire events and is a representative Mediterranean thermophilous
coniferous forest.

2. Materials and Methods
2.1. Study Area in General

The island of Thasos (Figure 1) is located in the North Aegean Sea and is considered the
northernmost island of Greece (40◦41′34′′ latitude and 24◦39′1.95′′ longitude). The coastline
of Thasos is about 115 km, and the island’s area is 378.8 km2. Administratively, it belongs to
the Region of Eastern Macedonia and Thrace and the Regional Unit of Thasos, according to
the Kallikratis program (the Kallikratis program is a reform of the administrative divisions
of Greece). It is about 24 km away from Kavala, but it is also connected by sea transport to
the town of Keramoti. The capital of the island is Limenas, and the other main settlements
are Limenaria, Prinos, Theologos and Kallirachi. Thasos is a mountainous island with an
intense relief, presenting extensive ridges and several trenches. The highest peak is the
Ipsario Peak at 1203 m in altitude.
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The island of Thasos is chronically affected by forest fires. In the Region of Eastern
Macedonia and Thrace, the three worst fires for the period 1983–2006 were recorded in
the prefecture of Kavala. A large percentage of the areas of Thasos has been affected at
least twice by catastrophic fires. Also, about half of the island’s surface area was burnt
between 1984 and 2000. Specifically, in 1984, 1985, 1989 and 2000, major catastrophic fires
occurred in the western and southern part of the island which incinerated almost the
half of the total area of the island. Forest fires broke out again in the western part of the
island in 2004, 2008 and 2013. One of the worst years for the island of Thasos was 2016, as
68,870 ha was burnt again in three areas of the southern and western parts of the island. In
particular, on 10 September 2016, four fire fronts occurred in different parts of the island
which developed into the major fires of 2016. The outbreaks were caused by an abundance
of lightning recorded in the area, without the presence of rain. This rare phenomenon of
“dry thunderstorms” affected Eastern Macedonia and Thrace but mainly occurred on the
island of Thasos. The increased dryness of the fuel, due to the absence of rainfall in the
previous period, allowed the fire fronts to burn for three consecutive days and cause great
damage to the natural environment and infrastructure.

2.1.1. Vegetation

Thasos Island features Pinus brutia forests, alongside stands of black pine (Pinus nigra)
at higher altitudes and some hybrid spruce (Abies borissi-regis) in cooler spots. The island
also hosts evergreen broadleaves like holly (Quercus coccifera), arbutus unedo, Quercus ilex
and Pistacia lentiscus. The understory mainly consists of heather (Erica arborea), vital for
beekeeping, and there are occasional appearances of broad-leaved species like the plane
tree (Platanus orientalis), chestnut (Castanea sativa), poplar (Populus tremula) and willow (Salix
sp.) Thasos is rich in flora, including endemic and rare species. Thasia is found only
in this region. The Mediterranean vegetation zone (Quercetalia pubescentis) is found at
altitudes between 300 and 800 m and includes the predominant species of the island, rough
pine [13]).

2.1.2. Climate–Meteorology

This study used the data from a meteorological station in Thasos, the National Obser-
vatory of Athens in Prinos, which was recently put into operation and has meteorological
data only after 2020. This station is located next to the study area. The yearly average
temperature is 15.3 ◦C. The highest average monthly temperature is 26.1 ◦C and was ob-
served in July, while the minimum is 5.6 ◦C and was observed in January. Similarly, the
average minimum monthly minimum temperature of 1.8 ◦C is observed in January, and
the average maximum of 30.2 ◦C is observed in August. The annual rainfall is 466.2 mm. A
higher amount of rainfall occurs in the winter months, and it decreases significantly in the
summer months. The highest average rainfall is observed in December, i.e., 78.4 mm.

2.1.3. Geology

Thasos belong to the Rhodope crystal-rich complex of metamorphic rocks. It is
dominated by crystalline schistose and exfoliated rocks of the Pre-Paleozoic period and
formations of the Mesozoic century, as well as metamorphic limestones. The younger
layers of Neogene, Tertiary and Quaternary deposits are found in places. According to
the geological map, the center of the island, especially in the more mountainous parts, is
dominated by compact semi-metamorphic limestones of amphibolite and gneiss. At lower
altitudes around the island, crystalline limestone and marble are found at lower altitudes.
To a lesser extent, mainly in the coastal zone, newer layers of sediment, sandy loams and
sandstones are restricted to the coastal zone. The dominance of crystalline schistose and
metamorphic rocks, especially in mountainous areas, may impact vegetation types and fuel
availability, potentially influencing fire behavior. Additionally, the presence of sedimentary
formations, such as sandy loams and sandstones in the coastal zone, might contribute to
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different fire dynamics compared to the compact semi-metamorphic limestones found in
the mountainous center of the island.

2.2. Study Datasets

The evaluation of the burnt area of Prinos, as to the optimal restoration sites, will
be based on a series of characteristics and elements of the area that need to be analyzed
and combined with each other. The data, in this particular case, arise after the review and
thorough research of the international literature and are divided into two distinct categories:
ecological and economic criteria. The ecological criteria refer to the parameters that favor
or hinder the growth of vegetation, based on the climatic and physical–geographical
characteristics of the area. The economic criteria refer to the factors that increase or reduce
the cost of afforestation, depending on the location where it is carried out. The next table
(Table 1) presents the data used for the proposed methodology.

Table 1. The data used.

Data Type Source

Vegetation Vector Vegetation map (Ministry of Environment)
Soil Vector Soil map (Ministry of Agriculture)
Burnt area Raster Sentinel 2A (Copernicus Program)
Digital Elevation Model (DEM) Raster Greek Cadaster
Settlements Vector Google Earth
Road network Vector Google Earth

2.3. The Proposed Methodology

The aim of the study is to develop a model for the evaluation of optimal rehabilitation
sites based on a set of criteria that will be used in combination. The solution to this
which is proposed herein is based on variables such as vegetation, soil, burnt area, digital
elevation model (DEM), settlements and road network. The existence of a multitude of
criteria that must be combined with each other to evaluate a situation and draw the final
conclusions necessitates the use of the multicriteria decision analysis (MCDA). This method
incorporates quantitative indicators to determine the importance of each criterion and
proceed to the synthesis of the individual criteria [28,51–53]. Since the phenomenon under
consideration and the variables of the model have spatial characteristics, the model of the
weighted multicriteria analysis with cartographic superposition was adopted [54].

The analysis that follows in the next section, in the first phase, presents the actions
required to develop the 7 variables from all available data. The ArcGIS Pro 3.0 and SNAP
8.0 software packages were used for the tasks and data processing needs. The following
figure (Figure 2) shows, in diagram form, the workflow and procedures followed to create
the individual criteria from the primary data.

The repetition of criteria and variables in this study arises from a deliberate alignment
between the chosen spatial parameters and the fundamental components of our evalua-
tion model. These factors were meticulously selected due to their intrinsic importance in
post-fire landscape assessment. The term “scenarios” encapsulates the various conditions
or situations resulting from the interplay of these variables, forming the core of our work.
Each scenario represents a unique combination of spatial parameters, facilitating a compre-
hensive evaluation of optimal rehabilitation sites. In response to the reviewer’s valuable
feedback, we provide an enhanced explanation in the manuscript, elucidating the critical
role of these variables in shaping different scenarios and their significance in achieving the
study’s objectives.

In the next phase, after the configuration of the individual variables, all the necessary
actions are applied to allow for the synthesis of each individual criterion. In the following
(Figure 3), the workflow diagram of the weighted multicriteria analysis for the development
of the sites’ rehabilitation evaluation model is presented.
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The final variables used are as follows:

i. Vegetation

The state and composition of vegetation both play a pivotal role in the recovery process
of ecosystems following a wildfire event. GIS technology allows for the detailed mapping
and analysis of vegetation types, their density and their health. By considering these
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factors, restoration planners can make informed decisions about the suitability of a site
for restoration efforts. Assessing the pre-fire and post-fire vegetation can help identify
areas where native species have been severely impacted or invasive species have taken
hold, guiding the prioritization of restoration efforts. Additionally, vegetation data can
help determine the ecological significance of a site, its potential for natural regeneration or
the need for active intervention like reseeding or planting.

ii. Soil

Wildfires can significantly impact soil properties, including the nutrient levels, compo-
sition and stability. GIS technology facilitates the analysis of soil characteristics, helping to
assess the extent of damage caused by the fire and identify areas that may require restora-
tion interventions. Understanding soil conditions is essential for determining the suitability
of a site for ecological restoration, as it influences the success of plant establishment and
overall ecosystem recovery. Soil data can inform decisions about the choice of plant species,
erosion control measures and the need for soil amendments. Table 2 presents the different
rock types and soil depths identified at the study area’s boundary. They are classified into
four classes of suitability, based on their ability to accommodate new seedlings and provide
the appropriate supplies for their growth. Gneisses are clearly superior soils to limestone
for vegetation establishment [55].

Table 2. Soil classification.

Bedrock Soil Depth Class

Gneisses 2 I
Gneisses 4 II
Hard limestone 6 III
Gneisses 8 III
Hard limestone 8 IV

iii. Differenced Normalized Burn Ratio (dNBR)

The calculation of the NBR requires the use of satellite data. It is based on the wave-
lengths of the electromagnetic spectrum of the near infrared (NIR) and shortwave infrared
(SWIR), according to the following equation [56,57].

BR =
(NIR− SWIR)
(NIR + SWIR)

(1)

The analysis and calculation of the severity index was based on images from the Sen-
tinel 2 satellite. Specifically, images of the Sentinel 2A and Level 1C logger were selected as
recorded in the table below. The images of this level were atmospherically corrected, and the
values of reflected electromagnetic radiation recorded are affected by the atmosphere. These
images (1st image ID: S2A_MSIL1C_20160819T091032_N0204_R050_T34TGL_20160819T091
026119-8-2016, 2nd image ID: S2A_MSIL1C_20160918T090622_N0204_R050_T35TKF_20160
918T090923/18-9-2016) are close to the 10 September event and also show little to no cloud
cover in the region of interest, while their spatial resolution is 10–60 m.

The figure (Figure 4) below shows the situation in the northwestern part of Thasos after
the devastating fire (Figure 4a), and the situation before the fire on 19 August (Figure 4b).
The determination of the difference in the severity index between the two pre-fire and
post-fire images had to be developed as a different channel so that it would include the
information for the whole area.
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Figure 4. (a) Post-fire (19 August 2016) and (b) pre-fire condition of the study area (18 August 2016)
(Sentinel 2A).

This geometric process was performed by combining the two images into one, taking
into account and combining the values of each image cell. The image taken on 19 August
was designated as the main image, and the one taken on 18 September as the subordinate.
In the new product created, the function is as follows:

dNBR = Pre f ireNBR− Post f ireNBR (2)

iv. Aspect

Aspect is a fundamental geospatial parameter that plays a crucial role in assessing
and identifying ecological restoration sites in post-fire landscapes within the context GIS.
Aspect refers to the compass direction that a slope or landform faces, influencing the
amount of sunlight and moisture an area receives and ultimately impacting the distribution
of vegetation and ecological conditions. In a geospatial approach to identifying and
evaluating restoration sites, aspect data are instrumental for assessing the suitability of
potential sites for restoration efforts. It helps in understanding how solar exposure and
moisture patterns vary across the landscape, which, in turn, aids in selecting sites that can
support the regeneration of vegetation and the restoration of ecological balance in areas
affected by wildfires. In this study, aspect was derived from the DEM in a mosaic form,
with a resolution of 10 m.

v. Compound Topographic Index (CTI)

The Compound Topographic Index (CTI) is an indicator which is related to the accu-
mulation of surface water runoff and the slope of the soil. It is calculated according to the
following equation proposed by Beven and Kirkby [58].

CTI = Ln
(

As
tanβ

)
(3)
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The index is defined as the natural logarithm of As times the tangent of β, where As is
the runoff accumulation based on the scale of analysis, and β is the slope of the terrain in
radians. The calculation of the CTI index was based on the digital elevation model (DEM)
of the study area. Runoff accumulation, a variable required to determine the CTI index, is
derived from the level of runoff direction. Any point on the ground that has an elevation
less than its neighbors is given the value of the sum of the cells contributing to runoff up to
that point. The sum of the overlying cells depends on the direction of runoff movement,
with the result that the highest values are observed in the stream beds and estuaries.

The denominator of the CTI index equation includes the soil slope criterion, which
was calculated based on the DEM. The slope plane generated was converted from degrees
to radians, where each cell was assigned a slope value based on the following equation:

β = slope ∗
(

π
2
)

90
(4)

vi. Distance from Settlements

The distance from settlements is a critical parameter in a geospatial approach to
identifying and evaluating ecological restoration sites in post-fire landscapes. As wildfires
can pose significant threats to human settlements, it is essential to consider the proximity
of restoration sites to inhabited areas. GIS technology enables the analysis of this distance,
helping to ensure the safety of both local communities and restoration crews. It also
plays a pivotal role in the strategic planning of restoration efforts, as selecting sites far
removed from settlements reduces the risk of potential conflicts, resource competition and
interference with ongoing recovery efforts.

vii. Distance from Road Network.

The road network is a crucial parameter in a geospatial approach to identifying and
evaluating ecological restoration sites in post-fire landscapes. Roads can have a signifi-
cant impact on the environment, affecting wildlife habitat, soil erosion and water quality.
In this context, GIS technology is invaluable for assessing the accessibility of potential
restoration sites in relation to the existing road network. Analyzing the road infrastruc-
ture allows restoration planners to make informed decisions regarding site selection. The
presence of nearby roads can facilitate logistical aspects of restoration efforts, such as the
transportation of equipment and personnel. However, it is essential to strike a balance,
as excessive road proximity may result in increased human disturbances and associated
negative ecological impacts.

Each variable will be introduced into the model as a different thematic level after the
necessary processing. The analysis is based on converting the criteria into a mosaic format
so that each point in the space is given a separate value based on its characteristics. This
is followed by classifying the individual criteria and their synthesis based on different
weighting factors obtained through the Analytical Hierarchy Process [59]. Two different
scenarios are applied, assigning each one more weight to the ecological or economic criteria.
The spatial resolution to be used is 10 m so that there is extensive detail for the study area
to allow for detailed planning by managers during the decision-making process.

After reclassifying the criteria, the subsequent crucial step in the analytical process
involved the homogenization of variables to establish a consistent scale spanning from 1
to 5. This harmonization was undertaken with the primary objective of creating a stan-
dardized platform for evaluating and comparing all the variables within the study. The
process served to eliminate any disparities stemming from varying measurement units
or scales employed for different criteria. This standardization not only facilitated direct
and equitable comparisons between the variables but also simplified the overall analysis,
rendering it more comprehensible and user-friendly for interpretation and decision making.
The uniform scale ensured that each variable held an equal footing in the evaluation process,
contributing to a more balanced and objective assessment. Furthermore, this standardized
1–5 scale offered an efficient means of conveying the results and recommendations to stake-
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holders, project team members or decision makers, enhancing the clarity and effectiveness
of communication within the context of the project.

The final stage of the methodological approach was the synthesis of the homogenized
variables from the previous procedure based on specific weighting factors. For this reason,
two scenarios of weighted variable composition were chosen to be applied.

• Scenario 1 prioritizes ecological constraints and favors the importance of optimal
vegetation growth conditions.

• Scenario 2 gives greater weight to the economic and social benefits of restoration,
favoring the criteria of distance from settlements and roads.

The determination of the weighting coefficients was based on the Analytical Hierarchy
Process, as described by Saaty [59]. According to the method, the variables are compared
pairwise in an aggregate comparison matrix. The comparison was made on a scale of 1 to 9.
The higher the preference for one criterion over another, the higher the score tends toward
9, while the lowest criterion in the comparison pair automatically receives a score below
one (e.g., 1/9 = 0.11).

3. Results and Discussion
3.1. The Parameters Used
3.1.1. Vegetation

The vegetation variable was converted to a raster layer, as described by the workflow
(Figure 3). The vegetation in the wider area before the catastrophic fires includes herbaceous,
bushy and wooded areas. Most of the affected area was covered by black pine. The
remaining areas were occupied by bushy species, such as juniper, oak and holly. Barren
land and grassland belong to the same herbaceous vegetation category. The areas that are
suitable for afforestation include mainly open areas of low vegetation and burnt areas of
coniferous species where there is a high probability that they will not regenerate naturally.
Shrub and rocky areas should be avoided for afforestation. Moreover, black pine, as a
cold-hardy conifer, should be given priority in restoration work over rough pine [1,2].
The next figure presents the initial vegetation map (Figure 5a) and the reclassified one
(Figure 5b), which is one of the parameters of the methodology used.
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3.1.2. Soil

The soil characteristics map records the bedrock and soil depth, characteristics that
relate to the potential for vegetation growth and the quality of a site. The codes used to
describe the type of parent material and soil depth have values from 1 to 9, where 1–3 is
deep, 4–6 is deep to shallow, and 7–9 is shallow to rocky soil [60]. The soil classification is
presented within the figure that follows (Figure 6).
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3.1.3. dNBR

The applications of dNBR formula (2) produce, as a result, a new image with a spatial
resolution of 10 m that includes the NBRprefire, NBRpostfire and dNBR channels. The final
dNBR map and its reclassification are presented in the following figure (Figure 7).
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3.1.4. Aspect

The creation of the aspect layer was based on the DEM of the study area. The next
figure presents the calculation of the aspect (Figure 8a) for the study area and its reclassifi-
cation (Figure 8b).

Land 2023, 12, x FOR PEER REVIEW 13 of 24 
 

 

 
Figure 7. (a) dNBR and (b) reclassification of dNBR. 

3.1.4. Aspect 
The creation of the aspect layer was based on the DEM of the study area. The next 

figure presents the calculation of the aspect (Figure 8a) for the study area and its reclassi-
fication (Figure 8b). 

 
Figure 8. (a) Aspect and (b) reclassification of aspect. 

Aspect data are valuable for selecting appropriate planting sites during ecological 
restoration. These data allow practitioners to match plant species with the prevailing mi-
croclimate conditions, increasing the chances of successful revegetation. 

3.1.5. Compound Topographic Index (CTI) 
The following figure presents the CTI calculation (Figure 9a) for the study area and 

its reclassification (Figure 9b). The parameter of runoff accumulation, As, which is used 
in the numerator of the CTI index, was related to the size of the analysis applied. The 
index values ranged from 1.81 to 18.87, with a mean of 5.09 and a standard deviation of 

Figure 8. (a) Aspect and (b) reclassification of aspect.

Aspect data are valuable for selecting appropriate planting sites during ecological
restoration. These data allow practitioners to match plant species with the prevailing
microclimate conditions, increasing the chances of successful revegetation.

3.1.5. Compound Topographic Index (CTI)

The following figure presents the CTI calculation (Figure 9a) for the study area and its
reclassification (Figure 9b). The parameter of runoff accumulation, As, which is used in
the numerator of the CTI index, was related to the size of the analysis applied. The index
values ranged from 1.81 to 18.87, with a mean of 5.09 and a standard deviation of 1.585.
Higher values identify, to a greater extent, the drainage network, while lower values are
associated with steep slopes, peaks and low water concentration.
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3.1.6. Distance from Settlements

This criterion is related to both economic and aesthetic and protective purposes. Both
the establishment and restoration of vegetation around settlement boundaries enhance the
landscape and provide relief to the local community. However, they also performs other
roles, such as protecting soil from erosion and potential landslides and improving local
climatic conditions [61,62]. For the calculation of the distance from the nearest settlement,
a maximum distance of 4 km was set as a parameter so that there is overlap between the
points and to cover the entire study area. The figure that follows shows the distance from
the settlement map (Figure 10a) and its reclassification (Figure 10b).
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3.1.7. Distance from the Road Network

The areas that are close to the road network, at a short distance from the deck, are
more favorable locations for reforestation activities, as they significantly reduce the cost of
the individual works. The transport of materials, staff labor and the necessary equipment
increases as we move further away from the existing road network. An example is the
watering of young seedlings, where the necessary hoses and infrastructure increase dramat-
ically as we move away from a road [1]. For the variable of distance from the road network,
three suitability zones of 50, 200 and more than 200 m applied. This classification of the
distance from the Road Network (Figure 11a), together with its reclassification (Figure 11b),
is shown in the next figure. The red lines in Figure 11a represent the initial Road Network.

3.2. Criteria Synthesis Results

After reclassifying criteria, the analytical process included homogenizing variables
to a 1–5 scale. This standardized approach eliminated disparities, enabling equitable
comparisons and facilitating clear communication of results and recommendations to
stakeholders. The next table (Table 3) presents this homogenization of the variables.
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Table 3. Parameters classification.

Variable Value Suitability

Vegetation

Cool-weather conifers 5
Thermophilous conifers 4
Herbaceous vegetation 4

Shrubby vegetation 1

Soil

I 4
II 3
III 2
IV 1

dNBR

High 5
Medium–high 3
Medium–low 3

Low 1
Not burned 0

0–45◦ 4
45–135◦ 3

135–225◦ 2
225–315◦ 2
315–360 4

CTI
High 5

Medium 4
Low 2

Distance from settlements
0–500 m 5

500–1000 m 4
>1000 m 3

Distance from Road Network
0–50 m 5

50–200 m 3
>200 m 2

The variables under consideration encompass a diverse range of both quantitative
and qualitative attributes, each possessing distinct characteristics that cannot be readily
aggregated due to their inherent disparities (such as the juxtaposition of quantitative
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measures like distance in meters and qualitative assessments related to vegetation by
species). To address this challenge and enable a more cohesive and meaningful analysis, a
crucial methodology was employed: the reclassification of each variable onto an ordinal
scale spanning from 1 to 5. Within this scale, a value of 1 signifies a condition of very low
suitability for reforestation, whereas a value of 5 denotes a state of very high suitability
for reforestation. This systematic reclassification process not only harmonized the diverse
variables into a common framework but also allowed for a nuanced and standardized
assessment of their individual contributions to the overall analysis. By ascribing these
values, we not only achieved a clear and consistent means of evaluating each variable’s
suitability for reforestation independently but also paved the way for more robust and
integrated decision-making processes in the context of environmental restoration and land
management initiatives.

This ordinal reclassification approach has proven instrumental in distilling the com-
plex array of attributes associated with each variable into a simplified yet informative
format. It acknowledges that variables encompass multifaceted dimensions, and by as-
signing them values on a 1 to 5 scale, we can capture their inherent nuances and relative
importance. This structured methodology not only streamlines the assessment process but
also lends itself to more effective comparisons and prioritization of variables within the
broader context of reforestation and ecological restoration efforts. Furthermore, it fosters
a deeper understanding of the intricacies of each variable’s role in influencing suitability
for reforestation, facilitating more informed and data-driven decision making. In essence,
the ordinal reclassification of variables into this 1-to-5 scale serves as a pivotal step toward
achieving a holistic and well-informed approach to land management and environmental
restoration, ensuring that the unique characteristics of each variable are appropriately
considered and integrated into the overarching analysis.

3.3. Weighted Overlay of the Classified Variables

The final step in this study involved combining homogenized variables, using specific
weighting factors. Two scenarios were implemented: Scenario 1 prioritizes ecological con-
straints, focusing on optimal vegetation growth conditions, while Scenario 2 emphasizes
economic and social benefits, favoring criteria like the distance from settlements and roads.
Weighting coefficients were determined through the Analytical Hierarchy Process [59],
where pairwise comparisons on a scale of 1 to 9 informed the significance of each cri-
terion. This approach ensures a balanced assessment, considering both ecological and
socioeconomic factors for identifying optimal ecological restoration sites.

The scoring of the criteria was repeated three times for each scenario, each time
applying small differences between the variables. The weighting coefficients were then
calculated, and the final model results were obtained for each scenario. The test showed
that the small changes applied to the values of the variables did not bring about significant
changes in the results of the scenarios. The two tables that follow (Tables 4 and 5) are
presenting the comparison matrices for the above two scenarios.

Table 4. Pairwise comparison matrix for Scenario 1.

Vegetation Soil dNBR CTI Aspect Roads Settlements
Vegetation 1.00 2.00 3.00 3.00 5.00 6.00 7.00

Soil 0.50 1.00 3.00 3.00 7.00 6.00 8.00
dNBR 0.33 0.33 1.00 3.00 4.00 6.00 6.00

CTI 0.33 0.33 0.33 1.00 4.00 2.00 2.00
Aspect 0.20 0.14 0.25 0.25 1.00 2.00 2.00
Roads 0.17 0.17 0.17 0.50 0.50 1.00 3.00

Settlements 0.14 0.13 0.17 0.50 0.50 0.33 1.00
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Table 5. Pairwise comparison matrix for Scenario 2.

Roads Settlements Vegetation Soil dNBR CTI Aspect
Roads 1.00 2.00 1.00 2.00 3.00 3.00 6.00

Settlements 0.50 1.00 1.00 2.00 3.00 3.00 6.00
Vegetation 1.00 1.00 1.00 2.00 3.00 4.00 6.00

Soil 0.50 0.50 0.50 1.00 3.00 5.00 5.00
dNBR 0.33 0.33 0.33 0.33 1.00 2.00 3.00

CTI 0.33 0.33 0.25 0.20 0.50 1.00 2.00
Aspect 0.17 0.17 0.17 0.20 0.33 0.50 1.00

The final scoring values and the hierarchy between the variables in the two tables
above were considered reasonable, since the CR consistency ratio was less than 0.10 for
both scenarios [63]. Specifically, in Scenario 1, the consistency ratio was CR = 0.06, and in
Scenario 2, it was CR = 0.03. Based on the averages of the comparison tables, the weighting
coefficients of each variable were obtained, as presented in the following table (Table 6).
The sum of the weighting coefficients for each scenario is summed to unity, so that the
results are on the same classification scale and allow for a comparison between them.

Table 6. The weights for the variables for the two scenarios.

Variable
Weights

Scenario 1 Scenario 2

Vegetation 0.319 0.226
Soil 0.275 0.162
Aspect 0.052 0.032
dNBR 0.178 0.079
CTI 0.096 0.056
Distance from the Road Network 0.048 0.245
Distance from settlements 0.032 0.200

The weights derived from the Analytic Hierarchy Process (AHP), pioneered by Saaty,
constitute a pivotal component of informed decision-making processes across diverse do-
mains. AHP offers a systematic and structured methodology for evaluating and prioritizing
alternatives or criteria within a hierarchical framework. These weights are of paramount
importance as they provide a quantitative representation of the relative significance or
influence of different elements within the decision-making hierarchy. The AHP process
commences with the construction of a hierarchical model, comprising a goal, criteria, sub-
criteria and potential alternatives. Stakeholders or experts are then tasked with the crucial
step of making pairwise comparisons between elements at each level of the hierarchy.
These comparisons serve as the foundation for computing priority vectors, which assign
numerical values to the relative importance of each element. The significance of these
weights is multifaceted. The final weights are presented in the next table (Table 6).

In Scenario 2, the variable weights reflect a deliberate emphasis on economic and
social factors, particularly favoring criteria related to distance from the road network. The
seemingly less smooth distribution of values in this scenario is a result of the intentional
higher influence assigned to the distance from the Road Network criterion. This emphasis
is in line with the scenario’s prioritization of economic and social benefits, where road acces-
sibility is a key consideration. While this may result in variations in the weights compared
to the smoother distribution in Scenario 1, it aligns with the model’s intended emphasis on
specific criteria in different scenarios to capture diverse restoration considerations.

3.4. The Results for the Two Scenarios

As mentioned, Scenario 1 favors the ecological characteristics of the reforestation point,
while Scenario 2 gives more weight to economic criteria. The final suitability zones of
the results were classified and presented on the same regular classification scale used to
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categorize each of the model variables. As shown in the two maps (Figures 12 and 13), areas
with very high suitability for reforestation are depicted in dark green, and the sum of the
weighted variables tends toward a value of 5. In these locations, according to the previous
analysis of the criteria, the conditions for the establishment of new plants are considered to
be particularly favorable. Furthermore, the severity of the fire and the type of vegetation at
these sites indicate that these are areas where natural regeneration is unlikely to recover. In
contrast, areas in red (Figures 12 and 13) record areas where there is very little suitability
for reforestation, where the corresponding sum of the individual weighted variables is
close to unity. In these areas, the success of new plantings is considered ineffective, and it
is considered that such sites should be avoided for reforestation activities.
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A first approximation of the results shows a concentration of areas with very high
suitability in the center of the burnt area near the settlement of Mikro Prinos for both
scenarios. These areas range from approximately 400 to 800 m in elevation and have
moderate slopes. Most of them are located in northern exposures and near a dense road
network. It can be concluded that the proposed areas cover a large part of the requirements
for successful reforestation interventions.

However, to make further comparisons between the cartographic results of the two
scenarios and to draw conclusions, the area of each suitability zone was calculated. Table 7
compares the values of the two scenarios.
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Table 7. Area and afforestation suitability rates for each scenario.

Suitability
Scenario 1 Scenario 2

Area (km2) Percentage Area (km2) Percentage

Very low 439 0.17 59 0.02
Low 11,437 4.32 8263 3.12
Medium 85,473 32.27 125,388 47.34
High 151,245 57.10 115,398 43.57
Very high 16,286 6.15 15,772 5.95
Total 264,880 100.00 264,880 100.00

The ability to assess and identify the most suitable sites for restoration immediately
after a forest fire is very important for both the affected natural ecosystem and the local
community. In this study, a model was developed to evaluate affected areas for suitability
for reforestation based on a number of ecological and economic parameters. The final
results obtained for the study area and the generated suitability maps show the usefulness
of the model and its application in the decision-making process.

It should be emphasized that the evaluation model was based on a set of variables
that were evaluated and selected according to a review of the international literature. The
assessment of phenomena based on ecological parameters is a complex and sophisticated
process. The selection of the variables used is related to the importance of the specific
criteria in the restoration processes, and this was based on the hierarchy between them.
According to the results of the two scenarios and the small deviations between them,
it can be concluded that the hierarchy and classification of the variables were correct.
Moreover, rerunning the model with slight variations in the scoring values of the criteria
gave similar results.
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It should be noted that the contribution of geographical information systems and
remote sensing played a key role in the analysis and implementation of the evaluation
model, providing a wealth of tools for data processing and preparation. The application of
the methodology, the processing of the variables and the extraction of the final results in
cartographic format relied on both the capabilities of GIS and remote sensing. The synergy
of these two disciplines in this work allowed for the evaluation of the study area and the
extraction of detailed and usable results. Otherwise, the absence of these tools would have
required time-consuming and costly field work, as well as analogous processing methods
that would have complicated and significantly delayed its completion.

It is worth noting that the methodology applied in this work was mainly based on the
conversion and processing of mosaic files. The analysis applied to the set of variables was
based on a 10 × 10 m tessellation size. The detail discernible in the cartographic results
of the model proves that the choice of this scale was successful. The area manager can
identify individual surfaces with great accuracy and plan his operations in detail. After all,
reforestation operations are, in practice, carried out on individual areas that are much larger
than 10% of the hectare. A resolution of 100 square meters per pixel is more than sufficient
to identify suitable areas. One problem identified during processing with mosaic files has
to do with the selection of tiles at the edges of the study area. The complex boundary of
the fire resulted in several mosaics intersecting with the study area boundary line. These
tesserae were taken into account in the subsequent analysis, even though a portion of them
were outside the boundary line. The change in the total area of the study area was very
small, as the 10 × 10 m scale applied was very detailed.

According to the results of the table, the largest changes between the two scenarios
are seen in the medium and large scales, where the differences are 15.07 and 13.53 (%),
respectively. On the other hand, in the very small and very large suitability categories, there
are no major changes between the two scenarios. In other words, it is detected that, both at
the level of percentages and the level of delimitation, the two categories are significantly
similar. The detailed spatial analysis reveals nuanced patterns in the very small and very
large suitability categories between Scenario 1 and Scenario 2. In the very small suitability
category, where economic and social factors are more heavily weighted in Scenario 2,
the spatial distribution appears to reflect an increased emphasis on areas with enhanced
accessibility, potentially influenced by proximity to the road network. This shift aligns with
the socioeconomic focus of Scenario 2. Conversely, in the very large suitability category,
dominated by the ecological considerations of Scenario 1, the spatial distribution tends to
exhibit a more extensive pattern, prioritizing areas with optimal ecological conditions for
restoration. The observed variations in these categories emphasize the model’s sensitivity
to the distinct emphases of each scenario and underscore the need for a comprehensive
understanding of the trade-offs between ecological and socioeconomic priorities in the
decision-making process for identifying optimal ecological restoration sites.

It can therefore be concluded that—at least on the basis of this study—both scenarios
are equally effective for identifying areas that are not suitable for afforestation and those that
are highly suitable for afforestation. However, more research is required before generalizing
this finding, such as conducting the same experiment in other settings. More thorough
testing of the results could be achieved by validating the model from actual restoration
data. After checking all available data and contacting the competent authorities, it was
found that no extensive reforestation program has been implemented for this area or the
wider area of Thasos. Verification of the model with field data would therefore require its
application to a burnt area for which a restoration program has been carried out, followed
by longitudinal monitoring of the evolution and progress of reforestation. Such a task is
very time-consuming and difficult to implement in the context of a thesis but could be the
subject of a future research project.
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4. Conclusions

Identifying and evaluating ecological restoration sites through geospatial technologies
involves the systematic analysis of spatial data, such as GIS mapping and remote sens-
ing imagery, to pinpoint areas in need of ecological rehabilitation. By leveraging these
advanced technologies, environmental scientists can assess the extent of damage, identify
key ecological indicators and prioritize strategic restoration efforts for landscapes affected
by various disturbances, including wildfires or habitat degradation.

Regarding the results of the two different scenarios, it is concluded that both delineate
the “very large” and “very small” suitability sites in an almost similar way. Despite the
assignment of different weighting factors between the two scenarios, both identify and
qualify successful sites suitable for reforestation. In this paper, the proposed model for the
evaluation of a burnt area for restoration was developed based on a set of variables and
applied to the fire in Prinos, Thasos. It would be of interest to further study and investigate
additional criteria that may influence the assessment and progression of the restoration
process, including research on possible parameters, e.g., soil water potential or climatic
conditions, that could be included as variables in the assessment of the area. At the same
time, it is proposed to extend the model developed to other areas that may not have the
same physiographic characteristics as those of Prinos, Thasos.
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Abstract: Amidst growing concerns about the impact of agriculture on the environment, the Com-
mon Agricultural Policy (CAP) has been overhauled to prioritize sustainable rural development in
European agriculture. Based on this line of thought, the present contribution delves into the details of
the CAP’s shift, focusing on the main environmental concerns faced in the policy-making framework.
Grounded in a political science perspective, the current study looks at how environmental and climate
change concerns were gradually elevated inside the CAP’s policy-making framework and how they
helped create the “green architecture” for European agriculture. Examining the process of policy
change under the lens of historical institutionalism and neo-institutionalism within the multilevel
governance framework of the European Union (EU), the key role played by the gradual introduction
of measures aimed at promoting measurable environmental criteria and climatic targets is highlighted.
For instance, measures aimed at preserving carbon-rich soils and enhancing water resources can have
positive impacts on the environment. However, these measures were also recognized to increase
the cost of production for the European farmers, who faced serious difficulties in adjusting to the
new framework. Within this context, this research delves into the roles played by two additional
fundamental entities: the consumer and environmental activism. Additionally, the study underscores
the EU’s commitment to addressing climate change and sustainable development challenges and
how conditionality is being used to link funding to results. Upon analyzing the CAP’s shift, the
reflection of a more flexible and rational approach is argued to be embodied by the new policy
architecture. By incorporating both CAP pillars, encouraging collaboration with compatible policies,
and allowing for greater adaptability in response to the unique circumstances and objectives of each
member state, the CAP is taking significant steps towards sustainability and climate action. These
insights into the significance and implications of the CAP’s shift towards sustainability offer valuable
recommendations for future policy developments, emphasizing the need to balance environmental
concerns with the needs of farmers and other stakeholders.

Keywords: sustainability; environmental impact; circular economy; climate targets; policy-making;
policy change; stakeholder engagement; agriculture; common agricultural policy (CAP)

1. Introduction

The Common Agricultural Policy (CAP) in the European Union (EU) has had asso-
ciated costs and benefits that are largely variable over time and country, and based on
such differences, EU member states (MSs) have consolidated diverging agendas and ex-
pectations regarding it [1]. The CAP involves multiple actors, from bureaucrats to sectoral
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interests’ stakeholders, from governmental institutions to pressure groups, such as con-
sumer and environmental activism, interested in agriculture [2]. In addition to economic
benefits, the CAP integrates social and environmental aspects, promoting a resilient and
sustainability-oriented agricultural structure throughout the EU [3]. This strategy preserves
favorable environmental conditions that allow farmers to benefit from soil resources and
maintain financial stability through continuous agro-food production [4], with broader
implications (refer to [5]). Agricultural income not only supports farming households
and communities in peri-urban and rural areas [6] but also contributes to society’s overall
gains from agricultural production [7]. In addition, agricultural activities are susceptible to
climate change [8] while contributing to mitigation of global warming through greenhouse
gas emissions reduction and carbon storage [9].

Especially during the last three decades, the CAP policy-making process has been
evolving towards the creation of a sustainable and eco-friendly framework for European
agriculture [10], promoting environmental consciousness at all levels of decision-making
within the EU’s complex multilevel governance framework [11,12]. However, despite
the evident evolution of the CAP towards sustainability, there is a need to comprehen-
sively examine the mechanisms driving this shift, especially considering the institutional
characteristics of the CAP operation. Therefore, this study seeks to address the following
research questions:

1. What are the key drivers of institutional shifts in the EU CAP, particularly in relation
to environmental and climate change considerations?

2. How have these institutional shifts affected the sustainability and environmental
impact of agricultural practices within the EU?

Framed within this context, our contribution delves into the theoretical underpinnings
of policy change, specifically examining the concepts of neo-institutionalism and historical
institutionalism to better understand the mechanisms driving this shift. These theoretical
approaches emphasize the role of institutional factors in shaping policy outcomes and the
importance of historical contexts in understanding policy development. Examining the pro-
cess of policy change under the lens of historical institutionalism and neo-institutionalism,
we discuss the role played by the gradual introduction of measures aimed at promoting
measurable environmental criteria and climatic targets. Additionally, our study unravels
the EU’s commitment to climate change and sustainable development challenges, such as
the Agreements on Agriculture (AoA) stated at the Uruguay Round (1986–1994) [13,14]
and the UN-Paris Agreement in 2015 [12,15], and how conditionality is being used to
link funding to results [16]. These insights into the significance and implications of the
CAP’s shift towards sustainability offer valuable recommendations for future policy de-
velopments, emphasizing the need to balance environmental concerns with the needs of
farmers and other stakeholders in line with the international context in which European
agriculture operates. Therefore, our study, based on an extended literature review, proposes
a thorough analysis of the challenging long-term “greening” transformation of the CAP
through an integrated methodology, using instruments from ‘historical institutionalism’
and ‘neo-institutionalism’ and, at the same time, taking into consideration the multilevel
governance framework of the decision-making process within the EU.

The above procedure seems to be the most appropriate to explain the delay in imple-
menting environmentally effective reforms due to the institutional characteristics of CAP
operation, as illustrated below. Moreover, for example, decisions on agricultural funding
are now made not on an annual basis, as before 1992, but on a multi-year basis. During
these multi-year periods, changes occur in the international environment, developments in
the market for agricultural products, foreign trade, etc. These influence the decisions of
the European Commission (EC) and the MSs as far as their choices for agricultural policy
are concerned. In addition, different pressure groups, in different phases, dominate inside
the EU, while the composition of the EC is also changing. These shifts often contribute to
policy changes and drive wider CAP reforms [17].

25



Land 2023, 12, 1749

This paper is structured into eight main sections, each working towards providing
answers to the research questions and objectives. First, we delve into ‘historical institu-
tionalism’ and ‘neo-institutionalism’ as a logical framework for interpreting policy change.
Then, we proceed to unveil the forces of change by examining institutional shifts in pub-
lic policy. Following this, we continue with exploring the dynamics and forces driving
institutional changes within the EU CAP, with a particular focus on environmental consid-
erations. Subsequently, we examine the CAP’s journey towards sustainability and its role
in safeguarding agriculture in the face of climate change. We also analyze the competing
goals in CAP implementation and emphasize the latent shift towards new environmental
targets. We chart the course for a greener CAP while exploring new territories. Finally, in
the conclusions section, we summarize key findings and insights.

2. Methodology

In this section, the methodological approach employed for synthesizing and analyzing
the existing literature related to the CAP within the EU is elucidated. The chosen methodol-
ogy ensures a systematic and comprehensive scholarly synthesis, encompassing the process
of systematically gathering, analyzing, and summarizing existing knowledge, research,
and academic literature on a particular topic. A range of sources, including peer-reviewed
academic articles, reports from EU authorities, and other relevant publications, has been
selected based on their significance and contribution to the understanding of CAP policy
evolution, institutional shifts, environmental considerations, and their impacts. The ana-
lytical approach comprises three distinct steps. Firstly, a thematic analysis is conducted,
dividing the literature into key themes and concepts related to CAP policy evolution, in-
stitutional shifts, and environmental concerns, allowing for the identification of common
trends and recurring patterns in the literature. Secondly, historical contextualization is
employed, organizing the literature chronologically to understand the historical aspects of
CAP transformation, trace the evolution of CAP policies over time, and assess the factors
driving these changes. Lastly, a comparative analysis of the different studies is undertaken
to identify variations, consensus, or contradictions in the literature. This approach, vi-
sually represented in Figure 1, aids in synthesizing diverse perspectives and viewpoints,
ultimately contributing to a more comprehensive understanding of the CAP’s evolution.

From a delimitation perspective, it should be noted that the quality and comprehen-
siveness of the available literature may vary, potentially introducing bias into the analysis.
However, through the selection of a diverse range of sources and the application of rigorous
analytical methods, an effort has been made to mitigate this potential bias and provide a
robust synthesis of the existing literature.
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for synthesizing and analyzing existing literature related to the CAP within the EU.

3. ‘Historical Institutionalism’ and ‘Neo-Institutionalism’ as a Logical Framework
Interpreting Policy Change

During the latter half of the nineteenth century and the early portion of the twenti-
eth century, social scientists created a body of literature focusing on organizations and
their interconnections and concentrating research efforts on how bureaucratic structures
of organizations as well as the organizational structure within societies fostered ‘institu-
tionalization’ processes [18]. Until the 1950s, political science was concerned with the
analysis of governmental structures (from local to state), mainly in the United States and
the United Kingdom. This earlier approach, known as ‘old institutionalism’, focused on
the formal structures and institutions constituting such political entities [19]. However,
a behavioral movement that popularized new theories on how policies are formulated
and altered, including behaviorism, positivism, and rational choice theory, emerged to
complement it [20,21]. This led to a narrowed emphasis on institutions, which was progres-
sively dropped in favor of a thorough evaluation of people as the main policy influencers
instead of the institutions administering (and/or surrounding) them [22]. In 1977, Meyer
and Rowan’s work completely revised the ‘institutionalism’ approach [19], leading to a
resurgence of the issue in the ensuing decade, with important contributions from various
fields outside social science.
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The ‘neo-institutionalism’ term was coined in 1983 by March and Olsen, distinguishing
it from the ‘old institutionalism’ notion [23]. Neo-institutionalism focused on compara-
tive examinations of the autonomous impact of institutions on political behavior and
outcomes [24] as a means of expressing disagreement with the dominant ‘behaviorist’
mainstream [25]. Behaviorist viewpoints overestimate the role of institutions exerting a
direct impact on politics, disregarding that political institutions are more than passive
platforms for political conduct but also elements that may influence, at least in some ways,
political behaviors [19]. Historical institutionalism scholars have emphasized the idea that
every political action takes place within a given temporal context and that history influ-
ences decisions, actions, and occurrences in future times [26]. This perspective considers
history not as a collection of specific events but as a factor determining policy change [18].
The terms ‘new institutionalism’ and ‘historical institutionalism’, addressing progressive
changes to existing institutions or new and innovative policies and their connection to
policy reforms [27], are both highlighted and discussed widely in this study.

Historical institutionalism faced the challenge of institutional change despite its em-
phasis on institutional constancy [28]. A specific body of work on path dependence pro-
vided a useful perspective for examining the persistence (or absence) of policy change. Path
dependency refers to the fact that institutions, once established, tend to follow historically
set, particular trajectories, making it costly to change the pre-existing regime [29]. Institu-
tions become locked into and evolve along the trajectories that govern their dependency,
encompassing unintended outcomes and inefficiencies [19]. As a consequence, even when
the existing model is inadequate, key players tend to uphold it since it matches the needs of
its founders. Altering policies is rather difficult due to institutions’ resilience [30]. Owing
to the reinforcement of policy continuity by earlier decisions, public policies, and formal
frameworks often turn out to be difficult to modify [28].

As strategic actors integrate into the institutional environment, their effects grow,
and systemic factors increasingly constrain and delineate the strategic options available to
them [31]. Therefore, institutional change may transpire within a particular setting whose
breadth and attributes were influenced by earlier political and institutional decisions [32].
The idea of ‘point equilibrium’ was extensively studied in historical institutionalist analyses
of institutional evolution [33]. Institutions tend to be in a state of equilibrium throughout
the majority of their history, functioning based on the decisions made at the time of their
establishment or the most recent circumstances.

The ‘point equilibrium’ emphasizes how crucial the institutional atmosphere is in
influencing policy dynamics and the outcomes of future reforms [34]. Prolonged periods
of institutional stability and adherence to historical patterns can lead to critical junctures,
where pivotal decisions are made that can greatly impact the trajectory of a policy system
or a policy strategy [35]. When opportunities for significant institutional transformations
are both evident and practical, a critical juncture is characterized as a brief span of time
whereby uncertainties regarding the prospects of an institution create the groundwork for
policymakers to place the institution on an alternative development path [18]. However,
a critical juncture point does not always happen at a moment when its effects may be
seen retrospectively [36]. Thelen and Steinmo (1992) [24] contend that the critical juncture
actually happens much sooner in the process, prior to its impacts becoming apparent. A
‘short-period’ time interval pertains to how briefly institutions may alter their direction
before reverting to their prior dependencies. To deal with new issues, actors can select how
an institution should evolve over time and what new policies should be put in place [37].

In their systematic approach to institutional transformation, Streeck and Thelen
(2005) [38] added supplementary concepts to the conceptual framework of the histori-
cal institution. As per their research, policies that establish norms, allocate entitlements and
obligations to players that are backed by norms, and enable third-party enforcement can
also be thought of as institutions. Based on these premises, ‘institutional transformation’
can be considered a theory of policy change. Thus, policies may constitute rules for players
other than policymakers, and, if required, they will be enforced by agents acting in the

28



Land 2023, 12, 1749

interests of society, legitimizing institutions as policymakers. Streeck and Thelen (2005) [38]
identified five categories of institutional change: displacement, layering, conversion, drift,
and shock.

Displacement refers to the gradual modification of existing regulatory structures. This
represents the most basic form of institutional change and occurs when pre-existing ar-
rangements are contested (or ignored) in favor of new institutions and related behavioral
paradigms. Layering involves actively supporting changes introduced to an established
set of institutions by appending new regulations and/or institutions alongside or atop
the older ones. Andreou (2018) [19] proposes that in highly partisan states, layering is
a prevalent practice where new frameworks and/or laws are created to ‘control’ party
supporters without directly affecting state institutions. This creates tensions between insti-
tutions and policies, potentially giving rise to conflicts and institutional change. Moreover,
recent studies have shown that the COVID-19 pandemic [39] has created a shock to institu-
tional structures, culminating in significant policy changes—and likely more—across the
globe [39–42]. This unforeseen and abrupt disruption has compelled governments to enact
new policies and regulations in order to address the health and economic repercussions of
the pandemic [43].

Streeck and Thelen (2005) [38] highlighted the possibility of institutional drift, gradual
deterioration, or atrophy of institutions due to the failure to adapt to shifting political and
economic conditions. This drift can arise from gaps in regulations, and political sophistica-
tion is essential for effecting the needed changes. The neglect may or may not be intentional,
but institutions may be diverted to new goals, functions, or purposes due to emerging
environmental concerns, changes in the balance of power, or political struggles [44]. As a
result, unexpected outcomes are to be expected, and change requires compromise, which
may take time. Additionally, in contrast to the other four shift cycles, Streeck and Thelen
(2005) [38] identified exhaustion as a process that causes failure, occurring when an institu-
tion’s normal activities degrade its external environment and available resources. It usually
happens gradually rather than suddenly. When an institution experiences exhaustion, ac-
tivities within the organization degrade its functioning, contrary to drift, where the formal
integrity of an organization is retained despite becoming progressively dysfunctional.

Recent studies have emphasized the importance of institutional resilience, which
refers to the intrinsic ability of institutions to adapt to changing circumstances and main-
tain their functions and goals [45,46]. Institutional resilience can be attained through
proactive strategies, such as scenario planning and regular assessments of the institution’s
performance [47,48]. Furthermore, institutional resilience can be strengthened through the
establishment of flexible structures and decision-making processes that allow for quick
adaptation to change [49,50]. Finally, studies have shown that successful institutional adap-
tation requires the involvement of multiple stakeholders, including policymakers, private
actors, and civil society [51,52]. The engagement of diverse perspectives can augment the
institution’s capacity to identify (and respond to) emerging challenges [53].

4. Unveiling the Forces of Change: Examining Institutional Shifts in Public Policy

Extensive research in public policy has thoroughly examined the significance of con-
cepts and knowledge in systemic change [17,54,55]. Built on this, a significant part of the
political debate is considered to be in a continuous process of societal advancement stage
manifested through public policy. With the previous policy exerting the most significant
cognitive influence and the current policy reacting to the effects of earlier initiatives, public
policy functions as an educational endeavor or as a means of learning. Hall (1993) [56] refers
to this mechanism as “the purposeful endeavor to adjust the goals or tactics of public policy
in order to conform with old knowledge and new facts”, termed as ‘social learning’. The
majority of those involved in this learning process are professionals in public policy who
advise or serve the public sector from high-ranking positions at the intellectual subcultures
of society and the bureaucracy nexus.
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Three stages make up the process of changing public policy: the broad objectives
that guide policy in a given area, the methods (or tools) employed to accomplish those
objectives, and the real costs associated with those methods and instruments. Each stage
is composed of an equal number of variables. Historical institutionalists contend that
the creation of institutions and policies frequently leads to conflicts between groups with
different spheres of influence because they understand that institutions reflect, organize,
and reproduce uneven power relations. This conflict often culminates in changes in the
institution or policy under consideration [19].

5. From Policy Reform to Environmental Stewardship: Examining the CAP’s Journey
towards Sustainability

A supportive environment is required for agricultural operations in order to use nat-
ural resources, generate agro-food, and maintain farmers’ financial stability. Agriculture
yields benefits to the whole society, far beyond specific targets, such as sustaining farming
households and communities in rural or peri-urban areas [57]. However, the primary sector
has a two-fold impact on the environment. First, it directly impacts agricultural practices.
Second, it contributes to climate change by releasing greenhouse gases into the atmosphere.
To create a sustainable agricultural system throughout the EU, the CAP has integrated
social, economic, and environmental concerns and was more recently committed to addi-
tional international agreements addressing climate change and sustainable development
challenges (see also [58]). Building upon a more innovative, impactful, and comprehensive
approach to tackle the issues of climate change and sustainable development, ambitious
and forward-thinking frameworks for environmental-friendly actions were proposed. The
original principles of the CAP did not prioritize environmental conservation, but this
perception shifted as environmental issues became more politicized and pressing in the
early 1970s [59]. During the 1980s, several policy guidelines were released that highlighted
the significance of safeguarding the environment. These include the “Green Paper” on
the future of the CAP, a 1988 Communication on “Environment and Agriculture”, and
the guidebook “The Future of Rural Society”, among others. This stream of literature
emphasized the immediacy of minimizing environmental degradation [60]. The Green
Paper report acknowledged the importance of establishing institutionalized measures to
mitigate and prevent environmental degradation caused by intensive farming practices [61].
Techniques that prioritize greenhouse gas emissions reduction, carbon storage, and mainte-
nance/stabilization of food production have the potential to alleviate the repercussions of
climate change [62].

In the late 1980s and the early 1990s, there was a surge in consumer and environmen-
tal activism that advocated for policy reform. This movement was prompted by several
food-related scandals and the adverse ecological consequences of the agricultural practices
supported by the CAP. Moreover, the EU intensified its international efforts to address envi-
ronmental issues with global consequences [63], particularly after the United Nations (UN)
Conference on the Environment and Development in 1992. These internal and external
forces led to a major reform of the CAP in 1992, whereby environmental concerns became
increasingly critical in the subsequent policy revisions. The 1992 agri-environmental mea-
sures were novel and reflected the initial notable attempt to back a new type of agriculture
providing commodities and services that enhance the environment [64]. The notion of the
‘second pillar’ for rural development, initially introduced in Agenda 2000, continued to
develop and expand this operational concept [64,65]. The Rural Development Pillar of the
CAP was included in the Agenda 2000 reform package, which emphasized the importance
of safe agri-food products and environmental outcomes. This reform package aimed at
striking a balance between the need for environmental conservation and the provision of
direct incentives to producers in order to adopt more environmentally friendly practices
for the production of safe and healthy food.

Furthermore, the EU was required to change a number of domestic support policies in
order to be compliant with the Green Box criteria and non- or minimally trade distorting
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following the General Agreement on Tariffs and Trade (GATT), the AoA, and the current
negotiations within the World Trade Organization (WTO) [13,66]. In light of the General
Food Law (REGULATION (EC) No 178/2002 [67]) and traceability, which is defined as
“the ability to trace and follow food, feed, and ingredients through all stages of production,
processing, and distribution”, the CAP encouraged farmers to improve their agricultural
practices, taking into consideration food safety and environmental issues [13,68].

In accordance to the CAP regulations, MSs were required to take adequate environ-
mental safeguards while being granted flexibility in how they supported farmers alongside
environmental measures [69]. When MSs failed to comply with regulations, their fund-
ing from pillar 1 (mainly the direct payments scheme) was reduced or revoked, and the
unpaid amounts were redirected to their respective rural development programs [69,70].
Generally, the policy for rural development tries to integrate the local/territorial element,
taking advantage of particular characteristics of lagging regions by financing measures of a
structural nature [71] (Figure 2).
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Agriculture and Rural Development).

Additionally, MSs were incentivized to allocate a portion of these funds for developing
more environmentally friendly production techniques in the dairy and cattle industries
and training farmers in ecologically friendly practices to assist forests with high ecological
value and underserved areas (e.g., [72,73]) (see Tables 1 and 2). These measures were
geared towards enhancing the efforts toward environmental preservation and climate
action by requiring MSs to formulate complete national or regional programs that included
environmental conservation, among other rural activities [74,75].

Moreover, other than environmental measures are included within the Rural Develop-
ment Pillar, improving the competitiveness of agriculture and forestry, the quality of life
of the residents in the countryside and diversifying the rural economy to meet the new
challenges in a changing economic, social and climatic context within the EU and glob-
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ally [17]. Lastly, special attention is given to actions to promote research and innovation,
food safety, and the containment of populations in the European countryside. All of the
above intend to formulate an effective and sustainable framework of operation for rural
areas, contributing to its economic and social cohesion.

In the 2003 Mid-Term Review (MTR) of the CAP, cross-compliance became a manda-
tory requirement for all direct payments. The cross-compliance criteria were crafted to
ensure that farmers meet environmental and other standards before becoming eligible for
funding. The regulations for statutory management under Union law and the requirements
for maintaining excellent agricultural and environmental conditions were included in the
cross-compliance norms [76]. The MTR also introduced a ‘one farm payment’ system, which
departs from relying on output while being related to compliance with environmental, food
safety, and animal welfare criteria. The obligation to maintain all farms in excellent agricul-
tural and environmental condition was preeminent to this operational perspective [77]. To
promote the environment, quality, or animal welfare, direct payments were reduced for
larger farms, freeing up more funds for programs that meet these goals [77,78].

To maximize the use of natural resources, the CAP has urged farmers to adopt eco-
friendly procedures for growing plants and rearing animals over the last two decades,
incorporating new technology into their production processes. Farmers that satisfy three
environmental criteria are eligible for the green direct payment, which makes up to 30% of
the direct payment program budget under the CAP system (Figure 3).

Table 1. CAP expenditure and CAP reform path (by financial year). (Source: EC, Directore-General
for Agriculture and Rural Development).

Year
Export

Refunds
(€ bn)

Other
Market
Support

(€ bn)

Coupled
Direct

Payments
(€ bn)

Decoupled
Direct

Payments.
Excl:

(€ bn)

Greening
(€ bn)

Total Rural
Development.

Excl:
(€ bn)

Rural
Development

Environment/Climate
(€ bn)

CAP as %
EU GDP

(%)

2006 2.22 5.27 18.072 12.488 0.00 11.02 0.00 0.48

2007 1.34 3.41 6.617 26.613 0.00 8.025 2.675 0.46

2008 0.91 3.18 6.087 28.06 0.00 7.53 2.51 0.44

2009 0.62 3.27 6.256 29.538 0.00 6.307 2.102 0.45

2010 0.37 3.54 5.811 30.559 0.00 8.212 2.737 0.47

2011 0.18 3.16 3.314 33.567 0.00 8.775 2.925 0.46

2012 0.15 3.20 3.183 34.412 0.00 9.397 3.132 0.47

2013 0.06 3.09 2.79 35.583 0.00 9.292 3.097 0.47

2014 0.00 2.43 2.683 35.781 0.00 7.35 3.15 0.44

2015 0.00 2.63 2.994 35.295 0.00 7.819 3.351 0.43

2016 0.00 3.07 4.46 22.324 10.803 8.064 3.456 0.42

2017 0.00 2.86 4.524 22.676 10.840 7.371 3.159 0.40

2018 0.00 2.61 4.679 22.439 10.840 8.316 3.564 0.39

2019 0.00 2.37 4.632 22.311 10.806 9.394 4.026 0.39

2020 0.002 2.59 4.692 22.262 10.858 9.676 4.146 0.38

2021 0.00 2.56 4.696 21.978 10.775 10.255 4.395 0.38

2022 0.00 2.953 4.695 21.834 10.763 10.670 4.573 0.36
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Table 2. The integration of environmental concerns into the CAP through fundamental agri-
environmental indicators (EU-28, 2017–2018) (Source: European Parliament Fact Sheets on the
EU—The CAP).

Share of UAA Classed
as Natura 2000 Area

Including
Natural

Grassland
(%)

Share of Energy
Used in

Agroforestry of
Total Energy

Consumption
(%)

Share of UAA
Managed by

Farms by Low
Input Intensity

(%)

Share of
UAA under

Organic
Farming

(%)

Share of
Agriculture in
Production of

Renewable
Energy

(%)

Share of
Forestry in

Production of
Renewable

Energy
(%)

2018 2018 2017 2018 2018 2018

BE 7.1 2.4 63.0 6.6 18.8 36.3

BG 22.5 1.9 10.3 2.6 6.6 59.5

CZ 6.6 2.6 27.8 14.8 16.6 67.2

DK 4.0 4.3 42.7 9.8 7.1 42.9

DE 10.7 1.7 34.4 7.3 24.1 27.2

EE 5.8 4.3 29.2 20.6 0.3 94.5

EL 18.7 1.7 40.2 9.3 6.0 25.9

ES 16.6 3.0 27.0 9.3 9.8 29.0

FR 8.4 2.9 31.6 7.0 13.3 37.0

IE 3.6 2.0 31.1 2.6 2.6 18.6

IT 9.5 2.4 35.0 15.2 8.3 26.5

CY 6.3 2.7 61.4 4.6 5.9 11.8

HR 25.7 3.2 26.9 6.9 2.7 62.6

LV 6.4 4.5 28.4 14.5 6.0 85.8

LT 4.5 2.0 35.2 8.1 10.3 79.1

LU 21.1 0.6 30.6 4.4 11.5 52.2

HU 14.8 3.6 24.6 3.9 17.2 71.1

MT 8.1 0.9 38.2 0.4 4.8 0.0

NL 4.2 8.1 23.6 3.2 37.0 23.7

AT 11.8 2.0 21.0 24.1 5.4 47.0

PL 11.5 5.6 33.5 3.3 11.8 69.3

PT 17.8 2.4 30.6 5.9 5.2 41.8

RO 12.7 2.4 16.1 2.4 3.2 58.3

SI 23.5 1.5 35.5 10.0 1.9 51.8

SK 16.2 1.3 20.2 9.9 17.8 56.3

FI 1.1 2.7 37.5 13.1 2.7 74.1

SE 4.0 1.9 30.4 20.3 2.4 48.5

UK 2.6 1.0 32.3 2.6 11.3 26.9

EU-27 11.2 2.9 27.0 8.0 12.1 41.4

EU-28 10.9 2.7 27.2 7.5 12.1 40.3
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Figure 3. Distribution of direct payment expenditure by scheme (Claim Year 2021). (Source: EC,
Directore-General for Agriculture and Rural Development).

Variegating their crops, preserving permanent grassland, upholding biodiversity, and
allocating 5% of their arable land to ecologically beneficial areas (Ecological Focus Areas)
are the relevant intervention areas. In EU countries, the ratio of permanent grassland to
agricultural land was decided by national or regional authorities, with a 5% leeway [79].
Advanced digital applications and innovations, such as Blockchain, Internet-of-Things,
and Artificial Intelligence, and Immerse Reality, are expected to provide effective tools to
the farmers in order to achieve the above goals [80]. As an illustration, “Smart Farming”
applications for intelligent-edge computing will make it easier to deploy edge capacity
linked to agricultural equipment, enabling the real-time collection of agricultural data,
improved services for farmers, such as harvest prediction and farm management, and the
improvement of the food supply chain [80].

Several studies have suggested that cross-compliance is an efficacious tool for pro-
moting environmental and agricultural sustainability [81–84]. However, some scholars
have argued that cross-compliance alone may not be sufficient to meet the environmental
goals of the CAP [85], and a thorough combination with other policy instruments, such as
agri-environmental measures and payments for ecosystem services, could be indispens-
able [81,85]. Additionally, recent research has shown that the efficacy of the CAP’s green
direct payment scheme may vary depending on the farm characteristics and the local
context [86], suggesting the need for more targeted and flexible policies. Therefore, policy-
makers and scholars should delve deeper into evaluating the effectiveness of the CAP’s
environmental policies and identifying ways to improve them. The integration of agri-
environmental measures, payments for ecosystem services, and the use of targeted policies
contingent upon the farm and local context seems to be promising strategies bolstering
environmental sustainability while supporting agricultural production [87].

In the EU, regulations are in place to protect designated sections of permanent grass-
land, which cannot be transformed or cultivated by farmers [88,89]. However, certain
farmers, such as those enrolled in the small farmer’s program, are exempt from the green-
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ing regulations, and organic farmers are rewarded for their environmentally friendly
practices [8,90]. Failure to comply with greening regulations can result in reduced direct
payments [77,85,91]. The green direct payment system holds crucial significance in promot-
ing eco-friendly environmental practices and alleviating the impact of climate change on
agriculture [77,92]. The Cross-Compliance regime, although relatively lenient, provides
a framework for regulation and control mechanisms [83,93,94]. The agricultural industry
worldwide faces escalating pressure stemming from an expanding populace [95–97], urban-
ization [98–101], resource depletion [102–106], and climate change [107–109]. In the EU, the
repercussions of climate change are detrimentally impacting agricultural production and
environments [110,111]. European agriculture is at risk of extreme weather events, rising
temperatures, changing rainfall patterns, river flooding, coastal flooding, droughts, and
other impacts due to climate change [12,112]. While some regions may benefit from certain
climatic changes [113,114], most of them will experience negative effects, exacerbating the
existing environmental issues [107,108].

6. Safeguarding Agriculture in the Face of Climate Change: Exploring the Role of CAP

Studies have shown that climate change is anticipated to amplify the frequency of
extreme weather events, such as droughts, floods, or extreme temperatures, with a poten-
tially serious impact on agricultural production and the quality of food products [16,115].
The risks posed by climate change are particularly profound in the Mediterranean zone,
where agricultural output is expected to be negatively impacted by water shortage and a
sudden process of local warming [116,117]. Furthermore, these effects on agriculture will
likely exacerbate existing environmental issues, such as land resource depletion and soil
degradation, all while heightening the susceptibility of local regions [118–120]. Therefore,
implementing measures to mitigate and counterbalance the impact of climate change, such
as the green direct payment system, is of crucial importance in promoting sustainable
agricultural practices and preserving the environment [121].

Additionally, research has highlighted the importance of establishing quantifiable
standards for the Cross-Compliance regime, considering its comparatively lenient structure
and limitations in oversight mechanisms [79]. Moreover, farmers who disregard greening
regulations are penalized through reduced direct payments, indicating the importance of
complying with these regulations. Finally, the exemptions granted to certain farmers, such
as those enrolled in the small farmer’s program and organic farmers, ought to be carefully
evaluated for reasons of administration and proportionality [90].

Overall, protecting the environment and mitigating the impact of climate change
emerge as imperative objectives for upholding sustainable agricultural production in the
EU. The implementation of regulations, such as the green direct payment system and the
Cross-Compliance regime, hold crucial significance in promoting good environmental
practices ensuring compliance with environmental standards. To address the challenges
facing agriculture from climate change and land resource depletion, it is therefore essential
to implement sustainable production techniques and promote climate change and natural
resource management. The CAP endeavors to attain these aspirations, casting European
farmers in the role of primary environmental stewards, spending money, and engaging in
producing within (economically disadvantaged) rural areas [122]. The new CAP framework
for 2021–2027 champions a competitive and sustainable agricultural sector, supporting
farmers’ livelihoods and providing food to society while fostering vibrant rural communi-
ties. In this perspective, the European Green Deal (EGD), with a focus on agriculture and
rural areas, is a crucial tool in achieving the Farm to Fork (F2F) and biodiversity objectives.
The EGD represents a collection of policy initiatives strategically aimed at guiding the EU
towards a greener trajectory, ultimately striving to attain climate neutrality by the year
2050. Its core mission revolves around reshaping the EU into an equitable and flourishing
society equipped with a contemporary and competitive economy. By advocating for a
comprehensive and cross-disciplinary strategy, the deal aligns various pertinent policy
domains to contribute cohesively to the overarching climate-oriented goal. This compre-
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hensive program encompasses a diverse array of actions spanning climate, environment,
energy, transportation, industry, agriculture, and sustainable finance—all interconnected as
they pursue the common objective of fostering sustainability (see [123–125]). Embedded
within the EGD, the F2F strategy assumes a pivotal role, centering its attention squarely
on the food system. Its central objective entails enhancing the sustainability of the EU’s
food system across its entire continuum—from production to consumption. This is ac-
complished through the promotion of healthful and sustainable dietary habits, curbing
food wastage, enhancing food labeling standards, and endorsing ecologically conscious
agricultural methods. The overarching aim of this strategy is to ensure the availability of
secure, nourishing, and eco-friendly sustenance for all while concurrently mitigating the
environmental footprint of the food industry (see [126,127]). However, further noting the
holistic impact and salience of these initiatives lies beyond the scope of this present analysis.

The new CAP requires measurable environmental and climatic requirements to be met
in the context of obtaining direct payments [128]. This involves implementing agricultural
practices, such as the rotation of crops rather than diversification, safeguarding wetlands
to uphold carbon-abundant soils, and managing water resources in a sustainable manner.
Each MS is enjoined to formulate programs or incentives for farmers aimed at fostering
judicious agricultural practices. The new CAP also includes an escalated allocation of
resources from pillar 1 to pillar 2 for environmental and climatic policies, reflecting a
15% financial upgrade of environmental issues [80,129].

7. Competing Goals in CAP Implementation: Actors, Interests, and Bargaining

Historical institutionalism and rational choice institutionalism represent two research
methods used to elucidate the actions of MS governments and their impact on the EU
institutions. Leading scholars in the field of historical institutionalism, such as Pierson
(1996) [130] and Bulmer (2009) [131], have emphasized, on the one hand, the importance of
scrutinizing political and policy-related maneuvers in the context of multi-tier government.
To this effect, Bulmer introduced the concept of a ‘governance regime’ to analyze assorted
subsystem policies within the EU. On the other hand, rational choice institutionalism finds
its foundation in the realm of economics, revolving around the theory of rational behavior.
This approach was mainly harnessed to delineate the goals of MS governments within
the context of EU integration. According to this theory, governments willingly engage
in (and cede power to) the EU because they believe it affords them several advantages.
These benefits may include diminished transaction expenses, heightened efficacy of pol-
icy formulation, improved operational efficiency, and increased adherence to regulatory
frameworks [132].

However, it is worth noting that while rational choice institutionalism furnishes a
useful framework for dissecting the EU integration process, it has also been criticized for
oversimplifying the intricate interplays between actors and institutions [133]. Moreover, re-
cent developments, such as the Brexit referendum [134] and the rise of populist movements
in Europe [135], including the surge of right-wing ethnonationalism and the emergence of
authoritarianist governments –largely attributed to the austerity-driven economic strategies
of the preceding decade across various European nations [136], as well as the ongoing mi-
gration predicament [137]– have cast a spotlight on the underlying assumptions of rational
choice institutionalism. These events highlight the importance of examining the roles of
emotions, identity, and culture in the realm of EU politics [138].

The implementation of the CAP engenders varying costs and benefits across different
MSs, giving rise to competing goals and anticipations among actors involved in its develop-
ment. These entities may comprise various stakeholders, such as government officials with
specific agendas, committee bureaucrats, interest groups representing various industries,
and groups advocating for agricultural issues, among others [17,139]. By leveraging future
decisions regarding CAP reforms as a bargaining tool [139], the EC and the Council of
Agriculture and Rural Development Ministers historically sought to champion European
farmers’ interests through a leveling act involving major international partners (such as
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the UN and WTO members). However, these determinations have often disregarded the
opinions of consumer and environmentalist factions, especially in regard to environmental
issues [140].

Interestingly, a notable transformation in the annals of the CAP, especially in the
late 1990s, should also be ascribed to a number of unwanted episodes, or better, inci-
dents, including the advent of bovine spongiform encephalopathy [141], the detection of
dioxin contamination in Belgian food products [142], and the spread of foot and mouth
diseases [143]. These events engendered an elevated degree of awareness among con-
sumers, propelling them to clamor for heightened vigilance over matters of food safety and
quality. This change in consumer demand also brought to light apprehensions regarding
the influence of the CAP on animal welfare and the environment, spurring the formulation
of policies that address such issues [144]. The priority placed on food safety and quality
has been significantly accentuated among EU residents, largely due to the demand from
consumer groups. Consequently, these issues have been thrust to the forefront of the CAP
agenda. While the CAP’s position on these issues may vary, its political response has been
to address them in policy reform efforts [140].

8. The Latent Shift toward New Environmental Targets

More recent studies have emphasized the importance of harmonizing CAP policies
with the EU’s climate and biodiversity aspirations [145,146] while accentuating the im-
perative to integrate environmental and climate objectives into the CAP to ensure its
contribution to the EGD’s objectives [147,148]. Academic research has also emphasized
the necessity of dovetailing the CAP with the Sustainable Development Goals established
by the UN [147]. Specifically, the pertinence of Goal 2, which aims at reducing hunger,
attaining food security, enhancing nutrition, and fostering sustainable agriculture, is of
critical significance from this perspective [149,150].

The CAP, at least in its original formulation established in 1962 and lasting until
1992, saw little opposition from pressure groups representing farmers’ professional associa-
tions [64]. However, in the following years, the European agricultural model’s detrimental
environmental impacts diminished the influence of consumer and environmental advo-
cacy movements [151]. These movements subsequently garnered greater sway within EU
institutions, propelled by food-related scandals and escalating environmental effects [70].

Although politically justified, the economic philosophy behind cross-compliance,
which involved the addition of new conditions to existing income support, remains unclear.
The query emerges as to whether this constitutes a valuable policy tool. Several studies
have intimated that direct payments were allocated in accordance with agricultural policy
objectives rather than environmental objectives [152–154]. As a result, farmers who heavily
rely on direct payments may not necessarily align with those who inflict substantial harm
to the environment [155].

It is crucial to contemplate the decision-making process regarding the allocation of
direct payment savings, particularly those stemming from farmers’ non-compliance [156].
MSs could only withhold 25% of funds obtained through the implementation of cross-
compliance (see [157]), thereby offering little incentive for states to establish a reliable
control system. This deficiency in follow-through by the MSs indicates a discrepancy
between political rhetoric and reality [13]. Consequently, new ‘players’, such as consumers
and environmental movements, gained importance in the reform process, as well as the
gradual wane of producer pressure organizations resulting from the contraction in rural
populations. The decline in rural populations, both in terms of absolute numbers and as
a share of the overall workforce in the EU [13,158], adds a pivotal contextual layer. This
decline prompts an exploration into the underlying causes behind the dwindling appeal
of agriculture as a viable livelihood, even in the presence of substantial funding. This
necessitates a broader examination of the political economy driving the agrarian crisis,
considering its far-reaching consequences and implications. Moreover, it is essential to
recognize the role of disparities and social injustices in this landscape. While the shift in
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dynamics has paved the way for new participants, such as consumers and environmental
movements, to influence reform processes, the gradual decrease in rural populations has
impacted producer pressure organizations. These organizations have historically played a
significant role but have diminished in influence due to the changing demographic com-
position in rural areas. It is worth acknowledging that between 1960 and 1990, there was
an overarching reduction of the active rural populace by 54.9% [17]. This shift occurred
as the strain on rural incomes gradually compelled a significant portion of the workforce
engaged in the primary sector to transition into the secondary and tertiary sectors of the
economy, often necessitating a move from rural areas to urban centers [17]. Recent literature
suggests that CAP’s current system perpetuates socioeconomic disparities, particularly in
peripheral (rural) areas while favoring large agricultural enterprises and consolidating land
ownership [159]. This consolidation of land ownership contributes to the displacement of
small-scale farmers and the exclusion of marginalized groups, thereby sustaining patterns
of social injustice. Moreover, studies show that CAP has faltered to deliver on its environ-
mental objectives despite earmarked budget allocations for these specific purposes [146],
indicating the urgent need for a reform ensuring sustainable agricultural practices.

The Green Payment Scheme represents a critical juncture in the progression of the
CAP in terms of both its configuration and implementation. With the inception of this
scheme, the compliance of producers with environmental regulations became quantifiable,
and explicit criteria were established for the allocation of direct payments. Furthermore,
the most recent iteration of the CAP, covering the period from 2021 to 2027, places a
greater emphasis on the targeted allocation of resources in order to align with the EU’s
climate goals. This change is propelled by the recognition of the severe and widespread
impacts of climate change on agriculture, exerting its impact across the entirety of the
food production continuum. The new framework of the CAP addresses these issues by
implementing measures that laser-focus on climate action and sustainability within the
realm of agriculture.

As set out earlier, the focus on cultivating green architecture within the CAP is clear,
aiming to create a robust yet adaptable framework for ‘greening’ the policy. The CAP
has been under scrutiny for a considerable period due to the detrimental effect it has on
the environment. The escalation in agricultural production intensity and the depletion
of land resources rank among the factors catalyzing this apprehension. Under the new
CAP paradigm, rational decision-making is paramount within a structured framework
of shared commitments and goals. The policy’s diminished budget places considerable
emphasis on conditionality, accentuating its significance. At the same time, the policy raises
awareness of (and addresses) environmental and climate change-related issues through
specific funding mechanisms. Realizing these goals requires the harmonious integration of
both CAP pillars, coupled with cooperation with allied policies while providing flexibility
based on national priorities [17]. As a result, the EU27’s proportion of global emissions
witnessed a decline from 16.8% in 1990 to 7.3% in 2021 [160,161].

In this perspective, the Green Payment Scheme represents a new system of incentives
aimed at promoting environmentally friendly agricultural practices as well as rewarding
farmers who have consistently upheld certain environmental standards. This is in line
with the ‘public money for public goods’ principle, which advocates that public funding
allocated to agriculture should be reciprocated through the provision of public goods, such
as the protection of the environment and the preservation of biodiversity. The scheme is
also strategically crafted to encourage farmers to take advantage of new technologies and
management practices that curtail the environmental impact of agricultural production.

9. Charting the Course for a Greener Common Agricultural Policy

Ten main objectives for the years 2023 to 2027 shape the operating framework of the
new CAP. These goals, which placed a focus on social, environmental, and economic issues,
served as a guide for how EU countries built their CAP Strategic Plans. It is noteworthy that,
along with the promotion of knowledge and innovation, the top goals for the upcoming
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years include combating climate change, protecting the environment, and preserving
landscapes and biodiversity, as the EU aims to be climate-neutral by 2050 [148,162,163].

Additionally, the new CAP builds on the previous policy framework, incorporating
changes that reflect the EU’s increasing emphasis on environmental quality, sustainable
agronomic practices, and climate action [164]. Sustainable farming practices include pre-
cision agriculture, organic farming, agro-ecology, agro-forestry, and more stringent ani-
mal welfare standards [80]. By shifting the emphasis from compliance to performance
(e.g., [165]), eco-schemes, for instance, are poised to remunerate farmers for improved
environmental and climatic performance, such as managing and storing soil carbon and
improving fertilizer management to improve water quality and reduce emissions [166,167].
The EC has recommended that climate action should secure a minimum of 40% of the
total funding for the CAP from 2021 to 2027 [145]. Therefore, the F2F strategy [168] will
bolster European farmers’ efforts to combat climate change, protect the environment, and
preserve biodiversity.

In line with this strategy, the EGD is centered on agriculture and rural areas, and
the new CAP aims to be a crucial tool in achieving the F2F and biodiversity aspirations,
as well as facilitating the transition to a climate-neutral, circular, and resilient economic
paradigm. Employing an innovative approach, the policy’s implementation hinges on the
combination of mandatory and voluntary measures, which vary according to the country’s
environmental and agricultural exigencies. The flexibility of the policy enables MSs to tailor
their implementation strategies, contingent upon their individual circumstances, while the
obligatory nature of direct payments serves as an incentive compelling farmers to attain
environmental and climate-related objectives.

In summary, the new CAP’s framework alongside the Green Payment Scheme repre-
sents a significant shift towards a more sustainable and environmentally attuned approach
to agriculture in the EU. The policy’s focus on incentivizing environmentally friendly
practices, combined with flexibility and conditionality, furnishes a scaffold for amalga-
mating environmental concerns into the broader agricultural sector. However, the success
of the new framework will depend on its implementation and the extent to which MSs
and farmers embrace the new spectrum of incentives and adapt to the policy’s changing
priorities [17].

10. Considering Research Scope and Charting New Territories

This work contributes to the study of sustainable development by specifically influ-
encing the level and spatial direction of local and regional development in the field of
the primary sector. The current study adopts a predominantly theoretical and descriptive
approach rooted in the synthesis of existing literature. The theoretical underpinnings are
illuminated, and a comprehensive overview of pertinent literature is presented, establishing
the foundation for deeper insights into the subject matter.

The study highlights a few important figures and basic indicators derived from of-
ficial records that aim to reflect the differentiated mechanisms of rural development and
the intrinsic complexity of the quantitative information required to evaluate processes
of (economic) growth. In this forward-looking perspective, the evolving nature of the
field is underscored, along with the continued contributions that can shape its trajectory.
This invites further scrutiny and empirical examination, potentially involving empirical
methodologies and primary data collection.

The utilization of econometric modeling for these indicators can further capture
the complexity of the study subject, thereby advocating for a multi-disciplinary research
strategy that integrates socio-demographic and economic approaches. These approaches
necessitate continually updated, spatially relevant, and comparable indicators that are
capable of describing possible changes occurring over short time windows.

Official statistics and data at both country and supra-national scales (e.g., Eurostat,
OECD, FAO, UN) should thus build up the quality of socioeconomic indicators reflect-
ing rural development and agrarian change. This task is considered particularly urgent,
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contributing to informing regional science, urban studies, and spatial planning in both
advanced and emerging economies.

Concurrently, the development of a set of figures and indicators of exurban develop-
ment based on official statistics data may eventually solidify the use of mixed econometric
techniques and exploratory, multivariate approaches. These approaches can be applied to
differentiated socioeconomic contexts and territorial conditions, aiming to disentangle the
inherent complexity underlying rural development. Notably, future research avenues could
encompass detailed case studies, cross-sectional analyses, and longitudinal assessments to
provide empirical substantiation for the theoretical constructs discussed herein.

11. Conclusions

Despite the fact that environmental issues became more politicized and pressing in the
early 1970s, only over the last three decades has there been a greater emphasis on policy
change and adaptation to address the impact of economic activity and agricultural output
on the environment and climate change. This change has been driven by internal and
external factors as well as informal and formal changes in the institutional framework of
the CAP and the power of the main groups of interest.

Among the factors that pushed the “greening” process are the growing awareness of
the issue among consumers, environmentalists, and the public in the EU, along with the
gradual decline of farmer’s power. Other evolutions include the recognition of agriculture’s
vulnerability to climate change due to the direct impact of weather on farming activities
and its contribution to greenhouse gas emissions. Moreover, the EU’s international commit-
ments to climate change and sustainable development challenges, such as the AoA [13,14]
and the 2015 UN Paris Agreement [12,15], played a significant role in gradually including
“green” measures in several CAP reforms since 1992 [169,170].

Consequently, the new CAP (2023–2027) reflects a significant shift towards a more
sustainable and environmentally friendly approach. The CAP’s new green architecture
integrates environmental and climate criteria that are quantifiable. The inclusion of wetland
preservation for carbon-rich soils, responsible management of water resources, and crop
rotation in lieu of diversification is some of the measures taken to ensure sustainability. In
addition, the CAP allocates at least 30% of funding for environmental and climate change
activities under the second pillar, amounting to roughly 23 billion euros.

The new CAP resonates with a collective dedication to confronting climate change and
the trials of sustainable development, constituting a pivotal stride toward their realization.
It encourages collaboration with other similar policies, incorporates both CAP pillars, and
amplifies malleability contingent upon national priorities. The new architecture stands as a
robust yet supple framework designed to imbue the CAP with ecological hues and tackle
the persistent environmental and climate change apprehensions that have endured over
numerous years.
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Abstract: Straw mulching is a sustainable practice used to control soil erosion. However, different
doses of mulch affect the efficiency of straw conservation. This study presents detailed research
on how soil physicochemical properties and the hydrological response react to different types of
vineyard soil management (Tilled, Grass, Low Straw, High Straw) and seasons (spring, summer,
autumn) under conventional management on Anthrosols in Mediterranean conditions. To assess
soil properties, core samples and disturbed samples were taken from the topsoil layer (0–10 cm).
To evaluate erosion rates, a rainfall simulation experiment was conducted (58 mm h−1 for 30 min)
with 10 replicates per treatment and season (120 in total). The results show higher water-stable
aggregates (WSA) and soil organic matter (SOM) and lower bulk density (BD) in the mulch and
grass treatment groups compared with the Tilled treatment group. High Straw treatment successfully
mitigated runoff, while other treatments had significantly higher runoff that triggered sediment loss
(SL) and translocation of P, K, Zn and Ni down the slope. There were 254% and 520% higher K
losses with Tilled treatment in autumn compared with Low Straw and Grass treatments, respectively.
Statistical analysis showed a strong association between element loss and SL, which indicates an
ecological threat in degraded and endangered vineyards. Mulch application and grass cover reduce
the vulnerability of vineyards, reduce evaporation, act as insulation against high temperatures, reduce
erosion and suppress weed growth. The mulch dosage varies depending on the goals and conditions
of the vineyard; thus, lower mulch dosage (2 t/ha) is appropriate when soil conditions are favourable
and there is no significant need for moisture retention, while higher mulch dosage is necessary in
dry regions to maintain soil moisture during high-temperature periods, as well as in sloped areas
subjected to erosion.

Keywords: sustainable management; mulch application; element behaviour; soil erosion

1. Introduction

The rising global population has certain demands (e.g., food, fuel and fibre), but at
what cost? Agriculture is facing many changes. On one hand, there is a need to ensure
sufficient quantities of food for the growing population, while on the other hand, this
needs to be achieved sustainably, without endangering the soil and water [1,2]. Applying
sustainable agricultural practices can be challenging, particularly bearing in mind that the
environmental, social and economic impacts of agriculture are multifarious and interact
with each other [3,4].

Soil and water conservation are necessary for mitigating and reversing land degrada-
tion. This can be achieved by incorporating conservation tillage management of highly jeop-
ardized soils [5,6]. These soils are well represented in areas with intensive crop production
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such as croplands, fruit plantations and vineyards [7–9]. Vineyards are known for their high
vulnerability in terms of soil and plant health. Soil health is widely affected by intensive
management with tractor traffic, pesticide and fertilizer use, and frequent tillage [10–12].
All these activities have serious effects on soil degradation; they can disturb the soil pore
system, increase bulk density, decrease soil organic matter and water-stable aggregates
and increase diffuse pollution in steep areas [13–17]. To mitigate these consequences, soil
conservation methods such as conservation tillage, permanent grass cover, mulching and
the use of cover crops are needed [18–20]. Even though tillage has shown some positive
effects, including reduced compaction and enhanced soil air-to-water ratio, these effects
are short-lived, while in the long term, negative effects such as crust formation, reduced
soil organic matter, deteriorated structure and increased soil compaction and erosion ap-
pear [21–24]. More sustainable practices are currently being implemented, particularly the
use of mulch, which can take different forms such as harvest residues [25–29], sawmill
byproducts [30–33], agricultural industry byproducts [34,35], pruning residues [36,37] and
synthetic materials [38–40]. Mulching is one of the main features of conservation practice,
along with reduced tillage. Conservation practice has certain advantages, including im-
proving soil structure [31,41,42], reducing compaction [43,44], improving the air-to-water
ratio [45,46], increasing soil micro and macro elements [47,48] and preventing further soil
particle transport in sloped areas [49–51]. These measures are well-recognized and can be
implemented in endangered agricultural areas such as vineyards. Croatia has recorded
an increase in vineyards [52], and great concern has risen with regard to increasing soil
erosion events, which often result in high rates of soil loss and diffuse pollution.

Diffuse pollution in vineyards can be very dangerous if the concentrations of elements
exceed their normal rates. This is more pronounced in intensively managed vineyards
with high pesticide use. In these vineyards, vines are exposed to phytotoxicity, and soil
and water pollution often occurs, especially in lower-sloped areas. Additionally, higher
amounts of trace elements affect yield quality, thus endangering human health [53,54]. This
study presents a comprehensive evaluation of the impacts of soil management practices
and seasonal variations on soil physicochemical properties, and the hydrological response
and element transport in an intensively managed vineyard in Istria, Croatia.

By investigating the effects of different soil management techniques and seasonal
variations on diffuse pollution and soil properties during simulated rainfall, we aimed to
address the pressing concern of increasing soil erosion events and the associated soil loss
and diffuse pollution in vineyards. This study contributes to the existing knowledge by
providing valuable insights into the specific challenges faced by vineyards in terms of soil
degradation and highlights the importance of implementing sustainable soil management
practices to mitigate these issues in the context of the increasing number of vineyards in
Croatia. The research was conducted to advance our knowledge of conservation manage-
ment and land degradation in vineyards. The present research takes us a step forward
by evaluating two dosages of mulch as well as bare and grass-covered soils and testing
them in different seasons (under different soil conditions). The results presented in this
work confirm the need for repeated experiments in different seasons to obtain a solid and
accurate conclusion.

2. Materials and Methods
2.1. Study Area

The investigated vineyard is located in Grimalda (Central Istria, Croatia; Figure 1)
and is situated on an average slope of 6.65◦ (3◦ min to 9◦ max) with NE–SW exposure
at an average elevation of 285 m a.s.l. The vineyard is mostly surrounded by forest and
olive orchards. The climate in the investigated area is classified as Cfb (temperate humid
climate with warm summer) according to the Köppen climate classification [55]. The
parent material is flysch, and the soil is classified as Anthrosols derived from Stagnosols by
deep ploughing and ameliorative fertilisation [56]. The mean annual temperature (2021) is
12.7 ◦C and ranges from a minimum average of 3.9 ◦C in January to a maximum average of
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23.7 ◦C in July. The mean annual precipitation is 829.9 mm, ranging from a minimum of
10.8 mm in October to a maximum of 113.7 mm in May (Figure 2).
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2.2. Experimental Design

The experimental vineyard consisted of 4 treatment sections: grass-covered (Grass):
grass mowed in June and right before the harvest; tillage (Tilled): conducted once a year
(in spring); straw mulch: application of 2 t/ha (Low Straw) or a double dose of 4 t/ha
(High Straw). Inter-row treatments were applied on the same soil type, slope, aspect and
exposure using a paired-plot strategy (Figure 1). In each treatment, 10 plots were separated
by 5 m. This is a 4-year-old vineyard where cv. Istrian Teran was planted on Kober 5BB
(Vitis berlandieri × Vitis riparia) rootstock with 2 m between rows and 0.8 m between vines.
Over the year, a tractor passed 25 times to apply pesticide and fertiliser, mow the grass,
manage the canopy and conduct tillage. Pesticide and fertiliser were applied frequently
(10–12 times during the growing period). Rainfall simulation experiments were conducted
throughout the vegetation season to determine the impact of seasonal viticultural practices;
40 experiments were conducted per season (spring, summer and autumn 2021) for a total
of 120 experiments. The simulations were conducted for 30 min with pressurized rainfall
simulators (UGT Rainmaker, Müncheberg, Germany), with a rainfall intensity of 58 mm h−1.
The time and intensity of rainfall simulations were selected because 93% of annual soil loss
was measured in a single rainstorm at that intensity [57]. Before the rainfall simulation
experiments, the rainfall simulator was calibrated using a plastic vessel. The catchment
area was enclosed by a metal ring with a small faucet (1 m diameter, 0.785 m2) pressed
5–7 cm into the soil and extending 10 cm above the soil surface. The faucet on the ring was
connected to a plastic canister to collect the total overland flow during the simulations. A
Casio HS-6-1EF chronometer (Tokyo, Japan) was used during the rainfall experiment to
determine the time to ponding (TP) and time to runoff (TR).

2.3. Laboratory Work

Undisturbed soil samples (4 treatments × 10 replicates × 3 seasons) and core samples
(4 treatments × 10 replicates × 3 seasons) were taken from 0 to 10 cm depths close to the
rainfall simulation plots and used to determine soil water content (SWC), bulk density (BD)
and water-stable aggregates (WSA). SWC and BD were determined by wetting, weighing
and drying soil core samples in an oven at 105 ◦C for 48 h, and all undisturbed samples
were prepared by hand and broken down into aggregates [58] and left to dry for 1 week at
room temperature (25 ◦C). The wet sieving method described in [59] was used to determine
WSA. Eijkelkamp’s wet sieving apparatus was utilized for the wet sieving of all samples
that had previously undergone dry sieving. The percentage of WSA was obtained using
the equation:

WSA =
Wds

Wds + Wdw
, (1)

where WSA is the percentage of water-stable aggregates, Wds is the weight of aggregates
dispersed in dispersing solution (g) and Wdw is the weight of aggregates dispersed in
distilled water (g). The rest of the undisturbed soil samples (aggregates not used for WSA
determination) were milled and sieved through a 2 mm mesh, in preparation for further
chemical analysis. Soil pH was measured using the electrometric method in a 1:5 (w/v) ratio
using a Beckman Φ72 pH meter in H2O. The digestion method by Walkley and Black [60]
was used to measure the soil organic matter (SOM) content, utilizing the previously dried,
milled and sieved samples.

Using the method described in [49], sediment concentration (SC) was calculated by
dividing the sediment mass by the overland flow mass. Sediment yield was determined
after air-drying at room temperature (25 ◦C) for 1 week to obtain the mass of the filter paper
and sediment. Sediment loss (SL) was determined by calculating the mass of overland flow
to obtain the runoff.

After drying, milling and sieving, the soil samples were placed in a plastic cylinder
with a protective foil on the bottom and a plastic lid on the top. The cylinder was later
placed in the workstation and set for pXRF analysis (Olympus, Waltham, MA, USA) after
exposing the samples to X-ray beams for 2 min [61,62] to obtain the concentrations of
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elements (phosphorous (P), potassium (K), nickel (Ni), zinc (Zn) and lead (Pb)) in the soil
and sediment. These elements were chosen due to their overall potentially harmful effects
on agroecosystems.

2.4. Statistical Analysis

Before data analysis, the normality and homogeneity of variance were assessed using
the Kolmogorov–Smirnov test. The data normality of variance was observed at p > 0.05.
Many of the variables did not follow the Gaussian distribution and heteroscedasticity.
Consequently, the dataset was normalized using natural logarithm and Box–Cox trans-
formations. Two-way ANOVA and the Kruskal–Wallis test were performed to assess the
impact of treatment and seasonality on soil properties, hydrological response and element
transport (SOM, pH, TP, TR, runoff, SC, SL, P loss, K loss, Ni loss, Zn loss, Pb loss). When
significant differences were observed at p < 0.05, Tukey’s LSD test was applied post hoc.
Using the Box–Cox transformed data, principal component analysis (PCA) was performed
based on the correlation matrix to identify interrelations between variables. All data analy-
ses were performed using Statistica 12.0 [63] and graphs were created using Plotly [64]. All
the data in tables and graphs are presented in their original states.

3. Results
3.1. Soil Physical Properties

Statistical analysis showed a significant difference following Tilled treatment, with
higher BD values observed in autumn (1.59 g cm−3) compared with spring (1.34 g cm−3)
and summer (1.47 g cm−3). Under the Low Straw treatment, lower BD values were recorded
in spring (1.31 g cm−3) while higher values were recorded in summer (1.47 g cm−3) and
autumn (1.52 g cm−3). Significantly higher values were recorded following the High Straw
treatment in autumn (1.48 g cm−3) compared with spring (1.31 g cm−3) and summer
(1.27 g cm−3). Grass treatment showed no significant differences between seasons. There
were no significant differences between treatments in spring, while significantly lower
values were observed in summer and autumn following the Grass treatment compared
with the other treatments (Table 1). For SWC, statistical differences were noted only for
treatments through seasons. For the Tilled treatment, SWC was significantly higher in
spring (40.86%) than in summer (25.07%), while in autumn, the SWC of 30.93% was not
statistically different compared with the spring or summer. For the Low Straw treatment,
there were no significant differences in SWC between the seasons, with a minimum of
26.21% in autumn, 32.05% in summer and a maximum of 32.69% in spring. For the High
Straw treatment, there were no significant differences in SWC through the seasons, with a
minimum of 28.66% in autumn, 29.71% in summer and a maximum of 32.36% in autumn.
For the Grass treatment, SWCF was significantly lower in summer (20.21%) than in spring
(37.47%) and autumn (38.38%). Statistical analysis of WSA showed significant differences
between treatments and seasons. For the Tilled treatment, WSA was significantly lower
in summer (64.18%) and autumn (62.05%) than in spring (75.12%). For the Low Straw
treatment, there were no significant differences through the seasons—values ranged from
73.26% in summer to 74.08% in autumn. For the High Straw treatment, significantly
lower WSA values were recorded in spring (70.73%) compared with summer (81.11%) and
autumn (80.77%). Grass treatment followed the same pattern as Low Straw treatment, with
no significant differences through the seasons—values ranged from 82.33% in spring to
85.86% in summer. In spring, significantly higher WSA values were observed in the Grass
treatment group than in the other treatment groups; the same pattern was observed in
summer and autumn (Table 1).
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Table 1. Results of two-way ANOVA based on soil properties. Different letters after mean values in
columns represent significant differences at p < 0.05. Capital letters indicate statistical differences
between treatments; lowercase letters indicate statistical differences between seasons. BD, bulk
density; SWC, soil water content; WSA, water-stable aggregates.

Season Treatment BD (g cm−3) SWC (%) WSA (%)

Spring

Tilled 1.34 Ca 40.86 Aa 75.12 Ab

Low Straw 1.31 Ba 32.69 Aa 73.80 Ab

High Straw 1.31 Ba 29.71 Aa 70.73 Bb

Grass 1.38 Aa 37.47 Aa 82.33 Aa

Summer

Tilled 1.47 Ba 25.07 Ba 64.18 Bd

Low Straw 1.47 Ba 32.05 Aa 73. 26 Ac

High Straw 1.27 Bb 28.66 Aa 81.11 Ab

Grass 1.38 Aab 20.21 Ba 85.86 Aa

Autumn

Tilled 1.59 Aa 30.93 ABa 62.05 Bc

Low Straw 1.52 Aab 26.21 Aa 74.08 Ab

High Straw 1.48 Aab 32.36 Aa 80.77 Aab

Grass 1.45 Ab 38.38 Aa 84.04 Aa

3.2. Soil Chemical Properties

Regarding the chemical properties, significant differences were noted for treatments
and seasons. There were no significant differences in soil organic matter in the Tilled,
Low Straw and Grass treatment groups through the seasons, with values ranging from
a minimum of 1.38% for Tilled treatment in spring to a maximum of 2.51% for Grass
treatment in autumn. For the High Straw treatment, there were significantly lower SOM
values in spring (1.37%) compared with summer (1.56%) and autumn (1.73%). In every
season, SOM values were significantly higher following Grass treatment (Table 2). There
were no significant differences in soil pH based on treatments through the seasons. In
spring, soil pH values were significantly higher (8.04) in the High Straw treatment group
compared with the Tilled (7.54), Low Straw (7.93) and Grass (7.99) treatment groups. In
summer, there were significantly lower pH values in the Tilled (7.52) and Low Straw (7.97)
treatment groups compared with the Grass (8.16) treatment group, while pH values did not
significantly differ between the High Straw (8.09) and the Low Straw and Grass treatment
groups. The same pattern in soil pH values was observed in autumn, as presented in
Table 2.

Soil P concentrations showed significant differences based on treatment and season.
With Tilled treatment, there were no significant differences in soil P through the seasons,
with a minimum of 390.66 kg ha−1 in summer, 425.29 kg ha−1 in spring and a maximum of
515.45 kg ha−1 in autumn. The same pattern was observed for p values in the High Straw
treatment group (Table 2). For Low Straw treatment, p values were significantly lower in
spring (380.58 kg ha−1) than in summer (545.89 kg ha−1) and autumn (533.79 kg ha−1). For
Grass treatment, there were significantly higher p values in spring (561.57 kg ha−1) than
in summer (377.2 kg ha−1) and autumn (376.54 kg ha−1). In spring, significantly higher
P values were observed in the Grass treatment group compared with the other treatment
groups, while in summer, significantly higher P values were recorded for the Low Straw
treatment group compared with the other treatment groups, and in autumn, significantly
lower values were recorded in the Tilled, Low Straw and High Straw treatment groups
compared with the Grass treatment group (Table 2).
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Table 2. Results of two-way ANOVA based on element concentrations. Different letters after mean
values in columns represent significant differences at p < 0.05. Capital letters indicate statistical
differences between treatments; lowercase letters indicate statistical differences between seasons.
SOM, soil organic matter; pH; P, phosphorous; K, potassium; Ni, nickel; Zn, zinc; Pb; lead. Soil P, K,
Ni, Zn and Pb data are given in kg ha−1.

Season Treatment SOM (%) pH Soil P Soil K Soil Ni Soil Zn Soil Pb

Spring

Tilled 1.38 Ab 7.54 Ab 425.29 Aab 27,297.09 Ba 210.78 Ba 184.80 Ba 43.68 Aa

Low Straw 1.40 Ab 7.93 Aab 380.58 Bb 26,282.59 Ba 206.08 ABa 180.54 ABa 34.72 Aa

High Straw 1.37 Bb 8.04 Aa 418.21 Aab 26,460.90 Ba 200.48 Ba 184.58 Aa 40.32 Aa

Grass 2.11 Aa 7.99 Aab 561.57 Aa 27,149.47 Aa 209.22 Aa 183.90 Aa 42.34 Aa

Summer

Tilled 1.52 Ab 7.52 Ac 390.66 Ab 31,471.10 Aa 249.76 Aa 219.97 Aa 41.44 Aa

Low Straw 1.58 Aab 7.97 Ab 545.89 Aa 25,781.50 Bc 192.42 Bb 169.12 Bb 40.77 Aab

High Straw 1.56 Ab 8.09 Aab 500.64 Aab 28,148.51 ABb 201.82 ABb 175.17 Ab 37.18 Ab

Grass 2.29 Aa 8.16 Aa 377.22 Bb 27,588.51 Ab 211.23 Ab 174.72 Ab 32.26 Bb

Autumn

Tilled 1.59 Ab 7.50 Ac 515.45 Aab 28,293.22 Ba 218.40 Ba 193.06 Ba 44.38 Aa

Low Straw 1.64 Aab 7.87 Ab 533.79 Aa 27,647.20 Aa 224.90 Aa 183.90 Aa 40.32 Aab

High Straw 1.73 Aab 8.00 Aab 392.22 Ab 28,429.18 Aa 224.67 Aa 183.90 Aa 33.82 Ab

Grass 2.51 Aa 8.13 Aa 376.54 Bb 27,327.78 Aa 219.30 Aa 180.32 Aa 34.50 Bb

Potassium values in the Tilled treatment group were significantly higher in summer
(31,471.10 kg ha−1) than in spring (27,297.09 kg ha−1) and autumn (28,293.22 kg ha−1). For
the Low Straw treatment group, lower K values were recorded in spring (26,282.59 kg ha−1)
and summer (25,781.50 kg ha−1) than in autumn (27,647.20 kg ha−1). For the High Straw
treatment group, significantly higher K values were observed in autumn (28,429.18 kg ha−1)
than in spring (26,460.90 kg ha−1), while the value in summer (28,148.51 kg ha−1) was
not statistically different from those recorded in spring or autumn. For Grass treatment,
there were no significant differences in soil K concentrations between seasons, with a
minimum of 27,149.47 kg ha−1 in spring, 27,327.78 kg ha−1 in autumn and a maximum of
27,588.51 kg ha−1 in summer. There were no significant differences in soil K values between
the treatments in spring and autumn, while in summer, the values were significantly lower
for Low Straw, High Straw and Grass treatments compared with Tilled treatment (Table 2).

Soil Ni values differed significantly based on treatment and season. Significantly
higher Ni values were recorded for the Tilled treatment in summer (249.76 kg ha−1) com-
pared with spring (210.78 kg ha−1) and autumn (218.40 kg ha−1). Significantly higher
Ni values were observed for the Low Straw treatment in autumn (224.90 kg ha−1) than
in summer (192.42 kg ha−1), but there were no significant differences between spring
(206.08 kg ha−1) and the other two seasons. Significantly lower Ni values were recorded for
the High Straw treatment group in spring (200.48 kg ha−1) than in autumn (224.67 kg ha−1),
but the value in summer (201.82 kg ha−1) was not statistically different from those of the
other seasons. There were no statistical differences in soil Ni values in the Grass treatment
group in all seasons, with a minimum of 209.22 kg ha−1 in spring, 211.23 kg ha−1 in summer
and a maximum of 219.30 kg ha−1 in autumn. Significantly higher Ni values were observed
in the Tilled treatment group in summer, while no differences were observed in spring and
autumn (Table 2).

Zinc values differed significantly based on treatment and season. Significantly lower
Zn values were recorded for the Tilled treatment group in spring (184.80 kg ha−1) and
autumn (193.06 kg ha−1) compared with summer (219.97 kg ha−1). Significantly higher
Zn values were recorded for the Low Straw treatment group in autumn (183.90 kg ha−1)
compared with summer (169.12 kg ha−1), while the value did not differ statistically from
other treatments in spring (180.54 kg ha−1). There were no significant differences in Zn
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values in the High Straw treatment group across seasons, with a minimum of 175.17 kg ha−1

in summer, 183.90 kg ha−1 in autumn and a maximum of 184.58 kg ha−1 in spring. The
same pattern was observed for Grass treatment, with lower values recorded in summer
(174.72 kg ha−1) and autumn (180.32 kg ha−1) and higher Zn values recorded in spring
(183.90 kg ha−1).

Soil Pb values showed significant differences based on treatment and season. There
were no significant differences in soil Pb in the Tilled treatment group through the seasons,
with a minimum of 41.44 kg ha−1 in summer and a maximum of 43.68 kg ha−1 in spring and
44.38 kg ha−1 in autumn. The same pattern was observed in the Low Straw and High Straw
treatment groups, as presented in Table 2. Significantly higher Pb values were recorded
for Grass treatment in spring (42.34 kg ha−1) compared with summer (32.26 kg ha−1) and
autumn (34.50 kg ha−1). No significant differences between treatments were observed in
spring. Significantly higher values were recorded in summer in the Tilled treatment group
compared with the High Straw and Grass treatment groups, but the Pb value for the Low
Straw treatment group was not significantly different from the Pb values for the other three
treatment groups; the same pattern was observed in autumn (Table 2).

3.3. Hydrological Response

Statistical analysis of the hydrological response showed significant differences based
on treatment and season (Table 3). Significantly higher values of time to ponding were
recorded for Tilled treatment in spring (1326 s) compared with autumn (75.5 s), while the
value recorded in summer (444 s) was not statistically different from the values recorded in
the other two seasons. Significantly higher TP values were also recorded in the Low Straw
treatment group in spring (1800 s) compared with autumn (96.5 s), while the value recorded
in summer (1326 s) was not statistically different from the values recorded in spring and
autumn. Significantly lower TP values were recorded in the High Straw treatment group
in autumn (149 s) compared with spring (1800 s) and summer (1800 s). No significant
differences were observed in the Grass treatment group across seasons, with a minimum of
49.5 s in spring and a maximum of 372 s in summer and 108.5 s in autumn. Regarding the
differences between treatments by season, differences in TP were noted only in spring, with
significantly lower values in the Grass treatment group compared with the other treatment
groups. There were no significant differences in TP values between treatments in summer
and autumn.

Time to runoff was significantly different in the Tilled treatment group, with higher
values recorded in spring (1800 s) than in autumn (294 s), while the value recorded in
summer (1164 s) was not significantly different from the values recorded in the other two
seasons. Significantly lower TR values were recorded in the Low Straw treatment group in
autumn (444 s) than in spring (1800 s) and summer (1800 s). No significant differences in TR
were recorded between seasons in the High Straw treatment group since the value was the
same in each season (1800 s). The same pattern was observed for Grass treatment, with TR
values ranging from a minimum of 453 s and 460 s in autumn and spring to a maximum of
1416 s in summer. Significantly higher TR values were recorded for Tilled, Low Straw and
High Straw treatments compared with Grass treatment in spring; there were no significant
differences between treatments in summer, while significantly higher values were recorded
for High Straw treatment compared with the other treatments in autumn (Table 3).

Regarding runoff, Tilled treatment resulted in significantly lower values in spring
(0.00 m3 ha−1) than in summer (7.11 m3 ha−1), while the runoff value recorded in autumn
(3.40 m3 ha−1) was not significantly different from the values recorded in spring and
summer. Significantly higher runoff values were recorded for the Low Straw treatment in
autumn (6.17 m3 ha−1) compared with spring (0.00 m3 ha−1) and summer (0.00 m3 ha−1).
No significant differences in runoff were observed for High Straw treatment across sea-
sons, with a value of 0.00 m3 ha−1 for every season. Significantly lower runoff values
were observed with Grass treatment in summer (1.20 m3 ha−1) compared with autumn
(6.53 m3 ha−1), while the value in spring (4.48 m3 ha−1) was not statistically different from
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the values recorded in the other two seasons. Significantly lower values were recorded for
Tilled, Low Straw and High Straw treatments compared with Grass treatment in spring.
Significantly lower runoff values were recorded for Low Straw and High Straw treatments
compared with Tilled treatment in summer, while the value recorded in the Grass treatment
group was not statistically different from the values recorded in the other three treatment
groups. Significantly lower runoff values were reported for High Straw treatment com-
pared with Grass treatment in autumn, while there were no significant differences between
Tilled and Low Straw treatments and High Straw and Grass treatments.

Table 3. Results of two-way ANOVA based on overland flow properties. Different letters after
mean values in columns indicate significant differences at p < 0.05. Capital letters indicate statistical
differences between treatments; lowercase letters indicate statistical differences between seasons. TP,
time to ponding; TR, time to runoff; SC, sediment concentration; SL, sediment loss.

Season Treatment TP (s) TR (s) Runoff (m3 ha−1) SC (g kg−1) SL (kg ha−1)

Spring

Tilled 1326 Aa 1800 Aa 0.00 Bb 0.00 Ba 0.00 Ba

Low Straw 1800 Aa 1800 Aa 0.00 Bb 0.00 Ba 0.00 Ba

High Straw 1800 Aa 1800 Aa 0.00 Ab 0.00 Aa 0.00 Aa

Grass 49.5 Ab 460 Ab 4.48 ABa 1.31 Aa 6.15 Aa

Summer

Tilled 444 ABa 1164 ABa 7.11 Aa 18.19 Aa 138.34 Aa

Low Straw 1326 ABa 1800 Aa 0.00 Bb 0.00 Bb 0.00 Bb

High Straw 1800 Aa 1800 Aa 0.00 Ab 0.00 Ab 0.00 Ab

Grass 372 Aa 1416 Aa 1.20 Bab 3.85 Aab 14.05 Ab

Autumn

Tilled 75.5 Ba 294 Bb 3.40 ABab 15.03 Aa 50.99 Aa

Low Straw 96.5 Ba 444 Bb 6.17 Aab 6.59 Aa 41.49 Aab

High Straw 149 Ba 1800 Aa 0.00 Ab 0.00 Ab 0.00 Ac

Grass 108.5 Aa 453 Ab 6.53 Aa 3.94 Aa 25.91 Ab

Sediment concentrations showed significant differences between treatments and sea-
sons. Significantly lower SC values were observed in the Tilled treatment group in spring
(0.00 g kg−1) compared with summer (18.19 g kg−1) and autumn (15.03 g kg−1). Similar
observations were made for Low Straw treatment, with significantly higher values recorded
in autumn (6.59 g kg−1) than in spring (0.00 g kg−1) and summer (0.00 g kg−1). There were
no significant differences between seasons in the High Straw treatment group, with an SC
value of 0.00 g kg−1 in all seasons. Significantly higher SC values were recorded for Grass
treatment in autumn (3.94 g kg−1) than in spring (1.31 g kg−1), while the value recorded
in summer (3.85 g kg−1) was not statistically different from the values recorded in the
other treatment groups. Significantly higher SC values were recorded for Grass treatment
than compared with the other treatments in spring, while significantly lower values were
recorded for Low Straw and High Straw treatments compared with Tilled treatment; the
value recorded in the Grass treatment group was not statistically different from the values
recorded in the other treatments. Significantly lower SC values were observed in autumn
in the High Straw treatment group compared with the other treatment groups (Table 3).

Sediment loss differed significantly between treatments and seasons. Significantly
lower SL values were noted in Tilled treatment in spring (0.00 kg ha−1) compared with
summer (138.34 kg ha−1) and autumn (50.99 kg ha−1); the same pattern was observed in
the Low Straw treatment group (Table 3). No SL was reported for High Straw treatment;
thus, no significant differences were noted between seasons. There were also no signifi-
cant differences in Grass treatment between seasons, with a minimum of 6.15 kg ha−1 in
spring, 14.05 kg ha−1 in summer and a maximum of 25.91 kg ha−1 in autumn. There were
no significant differences in SL between all treatments in spring, while SL values were
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significantly lower in Low Straw, High Straw and Grass treatment groups compared with
the Tilled treatment group in summer. Finally, significantly higher SL values were recorded
for Tilled treatment in autumn compared with High Straw and Grass treatments, while the
SL value in the Low Straw treatment group was not significantly different from SL values
in the Tilled and Grass treatment groups (Table 3).

3.4. Element Losses

Statistical analysis revealed noteworthy disparities in element losses across treat-
ments and seasons (Table 4). A significant reduction in P losses was found for Tilled
treatment during spring (0.00 g ha−1) compared with substantial losses recorded in au-
tumn (2353.07 g ha−1). However, there was a statistically significant difference in P losses
between treatments in summer (1127.66 g ha−1). In contrast, significantly higher P losses
were noted in the Low Straw treatment group in autumn (1041.62 g ha−1) compared with
negligible losses in spring and summer. Surprisingly, no P losses were observed in the High
Straw treatment group throughout the seasons. Consistent P losses were noted in Grass
treatment across all seasons, with no statistically significant differences. Notably, there
were significantly higher P losses in Grass treatment compared with the other treatments in
spring. There were significantly lower P losses in the Low Straw and High Straw treatment
groups compared with the Tilled treatment group in summer, while the value recorded
in the Grass treatment group did not differ significantly from the values recorded in the
other three treatment groups. Moreover, Tilled treatment resulted in significantly higher
P losses in autumn compared with High Straw treatment, while no significant differences
were observed between Low Straw and Grass treatments and the other two treatments.

Table 4. Results of two-way ANOVA based on element losses. Different letters after mean values
in columns indicate significant differences at p < 0.05. Capital letters indicate statistical differences
between treatments; lowercase letters indicate statistical differences between seasons. P, phosphorous;
K, potassium; Ni, nickel; Zn, zinc; Pb, lead. All data are given in g ha−1.

Season Treatment P Loss K Loss Ni Loss Zn Loss Pb Loss

Spring

Tilled 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb

Low Straw 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb

High Straw 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab

Grass 397.27 Aa 19,999.94 Aa 150.64 Aa 234.37 Aa 23.47 Aa

Summer

Tilled 1127.66 ABa 55,044.90 ABa 394.76 ABa 452.67 ABa 64.00 ABa

Low Straw 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb 0.00 Bb

High Straw 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab

Grass 180.89 Aab 9106.56 Aab 68.59 Aab 106.72 Aab 10.69 Aab

Autumn

Tilled 2353.07 Aa 115,627.66 Aa 888.93 Aa 1010.08 Aa 131.63 Aa

Low Straw 1041.62 Aab 45,436.13 Aab 0.00 Ab 488.99 Aab 37.37 Aab

High Straw 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab 0.00 Ab

Grass 465.50 Aab 22,227.22 Aab 170.33 Aab 264.71 Aab 25.59 Aab

Regarding K losses, a significant reduction in K was found in the Tilled treatment group
in spring (0.00 g ha−1) compared with substantial losses in autumn (115,627.66 g ha−1)
and no statistically significant difference in summer (55,044.90 g ha−1). Surprisingly,
significantly higher K losses were recorded in the Low Straw treatment group in autumn
(45,436.13 g ha−1) compared with negligible losses in spring and summer. Conversely,
no significant variations in K losses were observed in the High Straw treatment group
across seasons, as no losses were recorded. Notably, consistent K losses were found for
Grass treatment across all seasons, with no statistically significant differences. However,
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significantly higher K losses were found for Grass treatment in spring compared with the
other treatments. In summer, significantly lower K losses were recorded in the Low Straw
and High Straw treatment groups compared with the Tilled treatment group, while the
value recorded in the Grass treatment group did not differ significantly from the values
recorded in the other three treatment groups. Additionally, in autumn, Tilled treatment
resulted in significantly higher K losses compared with High Straw treatment, while no
significant differences were found between Low Straw and Grass treatments and the other
two treatments.

Analysis of Ni losses indicated significant differences between seasons for the Tilled
treatment. Significantly lower Ni losses were recorded in the Tilled treatment group in
spring (0.00 g ha−1) compared with substantial losses in autumn (888.93 g ha−1) and no
statistically significant differences in summer (394.76 g ha−1). Intriguingly, significantly
higher Ni losses were observed in the Low Straw treatment group in autumn (408.56 g ha−1)
compared with negligible losses in spring and summer. Conversely, significant seasonal
variations in Ni losses were not reported for High Straw treatment, as no losses were
recorded. Notably, Grass treatment showed consistent Ni losses across all seasons, with
no statistically significant differences. However, Grass had significantly higher Ni losses
in spring compared with the other treatments. In summer, Low Straw and High Straw
treatments showed significantly lower Ni losses compared with Tilled treatment, while
Grass treatment did not show significantly different values compared with the other
three treatments. Furthermore, Tilled treatment resulted in significantly higher Ni losses
in autumn compared with High Straw treatment, while no significant differences were
observed between Low Straw and Grass treatments and the other two treatments.

In terms of Zn losses, there was a significant reduction in the Tilled treatment group in
spring (0.00 g ha−1) compared with considerable losses in autumn (1010.08 g ha−1) and no
statistically significant differences in summer (452.67 g ha−1). Surprisingly, significantly
higher Zn losses were found in the Low Straw treatment group in autumn (488.99 g ha−1)
compared with negligible losses in spring and summer. Conversely, significant seasonal
variations in Zn losses were not observed in the High Straw treatment group, as no
losses were recorded. Notably, consistent Zn losses were observed for Grass treatment
across all seasons, with no statistically significant differences. However, significantly
higher Zn losses were observed for Grass treatment in spring compared with the other
treatments. In summer, significantly lower Zn losses were recorded for Low Straw and
High Straw treatments compared with Tilled treatment, while the value recorded for
Grass treatment did not differ significantly from the values recorded for the other three
treatments. Additionally, in autumn, Tilled treatment resulted in significantly higher Zn
losses compared with High Straw treatment, while no significant differences were observed
between Low Straw and Grass treatments and the other two treatments.

Regarding Pb losses, significantly lower losses were found for Tilled treatment in
spring (0.00 g ha−1) compared with autumn (131.63 g ha−1), with no statistically significant
difference in summer (64.00 g ha−1). Significantly higher Pb losses were observed for Low
Straw treatment in autumn (37.37 g ha−1) compared with negligible losses in spring and
summer. Conversely, no significant seasonal variations in Pb losses were noted in the High
Straw treatment group, as no losses were recorded. Notably, consistent Pb losses were
recorded in the Grass treatment group across all seasons, with no statistically significant
differences. However, significantly higher Pb losses were recorded in the Grass treatment
group in spring compared with the other treatment groups. In summer, significantly lower
Pb losses were found in the Low Straw and High Straw treatment groups compared with
the Tilled treatment group, while the value recorded in the Grass treatment group did not
differ significantly from the values recorded in the other three treatment groups. Moreover,
in autumn, Tilled treatment resulted in significantly higher Pb losses compared with High
Straw treatment, while no significant differences were observed between Low Straw and
Grass treatments and the other two treatments.
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3.5. Principal Component Analysis

Principal component analysis identified four factors that explained at least one variable.
Factor 1 explained 51.46%, factor 2 explained 14.47%, factor 3 explained 8.24% and factor
4 explained 6.00% of the total variance (80.18% in total). Factor 1 explained most of the
variables and their correlations; TP and TR had a positive loading relationship with each
other; while runoff, SC and SL had a strong positive impact on the loss of all elements
(P, K, Ni, Zn, Pb). In factor 2, soil pH had a strong negative correlation with soil Zn and
Pb concentrations, and a strong correlation was noted between WSA and SOM. Factor 3
revealed a negative correlation between soil P and Ni, and factor 4 revealed a negative
correlation between BD and SWC. The correlation between factors 1 and 2 are presented
in Figure 3A,B, while the correlations between seasons and treatments are presented in
Figure 3C.
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Figure 3. (A) Correlation between factors 1 and 2 (variables). BD, bulk density; SWC, soil water
content; WSA, water-stable aggregates; SOM, soil organic matter; TP, time to ponding; TR, time to
runoff; SC, sediment concentration; SL, sediment loss; P, phosphorous; K, potassium; Ni, nickel; Zn,
zinc; Pb, lead. (B) Enlarged area, (C) Correlation between cases.
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4. Discussion

Bulk density was higher in the Tilled, Low Straw and High Straw treatment groups in
autumn compared with summer and spring, while the values in the Grass treatment group
did not differ between seasons. Lower BD values in spring can be explained by (1) lower
machinery traffic during that time of year, (2) freeze–thaw cycles that occurred in the
previous winter [65] or (3) channels created by a growing and expanding grass root system,
effectively loosening the soil and increasing pore spaces [66]. No differences were observed
between treatments in spring. Higher values were noted with Tilled treatment in summer
and autumn; this trend is expected since tillage is a well-known contributor to increased
BD [67], and larger aboveground mass (such as in High Straw and Grass treatments) serves
as a physical barrier between the soil surface and external forces, helping to disperse
raindrop energy and reduce their impact on the soil, thus minimizing compaction [68].

Lower SWC values were recorded for Tilled and Grass treatments. Tillage instantly
alters the soil air-to-water ratio and increases the soil’s water infiltration capability [69],
while grass favours soil structure via SOM accumulation, which directly improves the soil
air-to-water ratio [70,71]. This is the main reason why WAS was significantly lower in all
seasons in the Tilled treatment group, as noted in other studies [72,73]. Grass treatment had
the highest WSA due to higher SOM content and grass mowing residue that is left on the
soil surface to decompose [74]. This ensures aggregate stability during heavy rainfall [75].

Certain changes in SOM occurred between treatments and seasons. Higher amounts of
SOM were found in the High Straw treatment group in autumn compared with spring and
summer; this happened for two main reasons: (1) putting organic matter on the soil surface
(twice as much as with Low Straw treatment) helped reduce the evaporation of water from
the soil surface and increased soil temperature, thus creating favourable conditions for
microbial activity and organic matter decomposition [76–78], and (2) reduced erosion left
the soil intact, which allowed organic matter to accumulate and contribute to the soil’s
overall organic content [79,80]. Higher SOM was recorded in the Grass treatment group
in all seasons; this was expected due to (1) the absence of annual soil disturbance [81],
(2) the decomposition of larger amounts of mowed grass [82] and (3) the richness of organic
compounds in grass root exudates [83].

The only differences in soil pH were noted between treatments based on season. In
spring, the values were lower in Tilled and Low Straw treatment groups compared with
the other treatment groups. The same pattern was observed in summer and autumn. This
can be explained by (1) seasonal fluctuations and geomorphological characteristics of the
investigated area [84,85] and (2) mineralization in the Tilled treatment, which causes faster
decomposition and mineralization, releasing organic acids and other acidic compounds
and causing soil acidification [86].

Soil P content did not differ between seasons in the Tilled and High Straw treatment
groups; however, higher values were recorded in the Low Straw treatment group in summer
and autumn and higher values were noted in the Grass treatment group in spring. Grass
is well known for accumulating higher amounts of P on the soil surface and upper soil
layer [87,88]. Higher P concentrations were recorded in the Low Straw treatment group
in summer and autumn compared with the other treatment groups. This occurred due to
(1) higher amounts of pesticide residues that collected on the ingrown grass under this
treatment (which was mowed regularly), (2) organic fertilizer input and (3) decomposition
of straw residue and ingrown grass, which released organic compounds (including P) in
the soil [89,90]. Lower values in the Tilled treatment group were due to erosion events that
occurred between seasons when P bound to soil particles and were then translocated to the
lower parts, as noted in other studies [91,92].

There were no differences in soil K concentrations between treatment groups in spring
and autumn; however, in summer, lower concentrations were noted in treatments with
surface cover, very likely due to the uptake of potassium by vines, grass and weeds [93]. For
treatments with surface cover (grass and mulch), no significant differences in soil Ni and
Zn concentrations were recorded in the Tilled treatment group in spring and autumn; in

60



Land 2023, 12, 1691

summer, these values were significantly lower in the other treatment groups. This may be
due to several reasons: (1) periodic vegetation consumption, (2) lower ability to incorporate
previously applied fertilizers and (3) larger amounts of compounds absorbed from burning
fossil fuel and residual oils from tractor traffic in the Tilled treatment group [94]. Further on,
these changes occur because of sediment loss due to soil erosion, as reported in other studies.
For example, Mirás-Avalos et al. [95] found that Zn losses were high, up to 30,000 g ha−1,
while Jiao et al. [96] recorded lower Ni losses, averaging 21.27 g ha−1. Additionally,
Dugan et al. [62] recorded Zn and Ni losses ranging from 360 and 200 g ha−1 in spring to
900 and 470 g ha−1 in autumn in the tilled treatment group. Finally, for treatments with the
most surface cover (Grass and High Straw), significantly lower values of Pb were recorded
in summer and autumn, while no differences were recorded between the treatments in
summer. These values reflect constant tractor traffic and soil overuse [97,98].

Season and treatment had strong effects on overland flow properties, as presented in
Table 3. In every season, time to ponding and TR were longer with High Straw treatment
followed by Low Straw treatment. For Grass treatment, the shortest TP and TR were
recorded in spring and summer; however, lower values were observed in the Tilled treat-
ment group in autumn due to lower vegetation cover and higher BD in the later seasons.
There were no differences between treatments in summer, while in spring, higher values
were recorded for Tilled, Low Straw and High Straw treatments. This occurred due to straw
application and surface roughness due to tillage intervention, which had a great effect
on reducing BD, while surface cover served as a barrier between the impact of raindrops
and the soil surface [99,100], thus postponing TP and TR. There were no differences in TP
between treatments in autumn, but significantly higher TR values were found in the High
Straw treatment group compared with the other treatment groups.

In the Tilled treatment group, runoff values were significantly lower in spring than
in summer and autumn. While there were no differences in runoff between High Straw
and Low Straw treatment groups in spring and summer, High Straw treatment completely
mitigated runoff later in the season, meaning that applying less straw was not enough to
successfully mitigate soil erosion. There was no runoff in the Tilled, High Straw and Low
Straw treatment groups in spring due to (1) surface roughness on the freshly tilled ground
and (2) application of straw mulch on previously tilled surfaces. There was higher runoff
with Grass treatment in autumn than in spring, while the values did not statistically differ
between summer and the other seasons. Lower runoff rates in summer can be explained by
(1) higher vegetation cover [101], (2) soil cracking, which alters the overland flow [102], and
(3) higher evaporation, enabling the soil to absorb more water, thus reducing the overland
flow [103]. Low runoff rates in the straw mulch treatment groups are a consequence not
only of surface cover but also of higher SOM content [104,105] and higher WSA [106].
Sediment concentrations and SL are strongly dependent on the previously mentioned soil
properties [107,108]. For instance, recorded SC and SL values in the Tilled treatment group
were higher in summer than in autumn, up to 121% and 271%. Due to the application of
more straw, High Straw treatment successfully mitigated SL, as the straw improved the
soil’s physical properties, as confirmed by other studies [109–111], making the soil more
resilient to raindrop-induced degradation [26]. Besides High Straw treatment, there are
better conservation possibilities for Low Straw and Grass treatments than Tilled treatment.
Cover on topsoil and enhanced SOM and physical status intercept raindrops, thus reducing
SL and SC.

The loss of soil elements in our study was highly correlated with SL [112]. As stated
before, there were higher element losses with Tilled treatment, proving that tillage has
a negative impact on soil properties and the environment [113–115]. While there were
element losses in the Grass treatment group only in spring, P losses in summer were
622% lower for Grass than for Tilled treatment. Higher element losses were recorded for
Grass treatment in autumn than in spring and summer, which is a consequence of a lower
percentage of surface vegetation cover [116,117] and higher BD [118] in that period. It is
important to mention that higher losses in the Tilled treatment group were also associated
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with SOM loss [119] due to a strong connection between elements and SOM. Furthermore,
the concentrations of elements such as P, Cu and Zn are higher on the soil surface, such as
in grass treatment, where the elements decompose and bind to the surface cover as a result
of repeated management [120].

Principal component analysis revealed that different soil management techniques alter
soil physiochemical properties, hydrological response and element transport. Factor 1
showed a positive correlation between TP and TR. Additionally, strong correlations were
found between runoff, SC and SL and P, K, Ni, Zn and Pb loss. Higher runoff increases
sediment and element translocation since the elements are bound to soil particles and
surface cover residues that can be easily transferred when they move into water flows.
Similar findings were reported in [62,121–123]. The adsorption of certain elements, such
as phosphorus, to clay-sized particles in surface runoff can contribute to eutrophication
in the receiving water bodies [124]. Factor 2 showed a strong correlation between WSA
and SOM, as stated in many previous studies [125–130]. Rain disrupts soil aggregates via
(1) slaking, (2) differential swelling of clay, (3) mechanical dispersion and (4) physiochemical
dispersion. SOM is assumed to stabilize soil aggregates by increasing the cohesion of
aggregates through the binding of mineral particles by organic polymers but can also
decrease the wettability of aggregates by slowing their wetting rate and thus the extent of
slaking [131–133].

Strong negative correlations were observed between soil pH and soil Zn and Pb
concentrations. Soil pH has a strong effect on Zn and Pb availability and solubility, hence
acidic soils have higher Zn and Pb concentrations; On the other hand, under alkaline or
basic conditions, Zn and Pb may become less soluble and available [134–136]. In factor 3, a
negative correlation was observed between soil P and Ni; even though they have no direct
effect on each other, higher P concentrations can affect soil pH due to the buffering capacity
of phosphates [137], which increases soil pH, thus potentially affecting Ni behaviour by
influencing its solubility and availability [136,138]. Finally, factor 4 showed a negative
correlation between BD and SWC. High BD indicates compacted soil, which can negatively
affect SWC since compacted soils have reduced pore space, thus limiting water infiltration
and movement. This leads to decreased porosity and increased density, which restrict water
retention and drainage [139]. It is also important to mention that the correlation between
BD and SWC is not linear and can be influenced by many other factors, including SOM,
clay content and soil structure.

Even though the research results are clear and precise, certain shortcomings should be
highlighted. This research was carried out for only one year, which is not long enough to
provide a full assessment of soil erosion rates. This was a short-term study, as the rainfall
simulation experiments were conducted for 30 min, which may not fully capture long-term
effects or seasonal variations. It is important to mention the lack of long-term implications
because this study focused on the immediate effects and short-term implications of different
soil management practices, thus it would be valuable to investigate the long-term effects
of straw mulch application on soil erosion control, soil fertility and overall vineyard
sustainability. Additionally, the rainfall simulator has limitations. For instance, the methods
and equipment are not standardized. Furthermore, the plots were rather small, thus the
data collected are not suitable for large-scale modelling. It is important to point out that
straw mulch is a natural product that enhances soil functions in the long term and has an
immediate effect on soil and water loss. Straw mulch also allows higher water availability
for plants due to higher infiltration, as explained in [140]. Furthermore, straw is a natural
byproduct of grain harvesting and as such is affordable and available for farmers, who
can start employing sustainable management on their permanent plantations. An even
more important advantage of straw mulch used in intensively managed vineyards is
that pesticide residues do not land on the grass or bare soil surface, thus reducing the
chances of potential phytotoxicity. Finally, in terms of soil erosion, straw mulch ensures the
conservation of SOM and maintains all elements in their locations, preventing them from
transferring to lower slope locations where they can increase mass water pollution.
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5. Conclusions

The results presented in this research show that soil management has a significant
impact on soil erosion and several soil properties in different seasons. For Tilled treatment,
there were slight reductions in SOM and WSA but increased runoff, SC, SL and element
transfer. Grass treatment significantly lowered BD, TP and TR but mitigated runoff and
diffused pollution. Additionally, mulch treatments were a good substitute for grass-covered
treatment, particularly the double dose of straw, as there was no runoff in all three investi-
gated seasons. It successfully increased SOM and WSA but completely stopped soil loss
and element transfer. Furthermore, there were considerable differences between seasons
in all treatment groups, mainly in terms of overland flow; runoff, SC and SL were higher
in autumn, while TP and TR were higher in spring. Conventional agricultural systems
in intensively managed vineyards are detrimental and dangerous for the environment
due to soil and water pollution and degradation. Straw application is a cost-effective and
sustainable practice for minimizing the negative impact of conventional tillage.
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Filipović, L.; Pereira, P. Straw Mulch

Effect on Soil and Water Loss in

Different Growth Phases of Maize

Sown on Stagnosols in Croatia. Land

2023, 12, 765. https://doi.org/

10.3390/land12040765

Academic Editors: Kleomenis

Kalogeropoulos, Andreas Tsatsaris,

Nikolaos Stathopoulos, Demetrios

E. Tsesmelis, Nilanchal Patel and

Xiao Huang

Received: 1 March 2023

Revised: 24 March 2023

Accepted: 27 March 2023

Published: 28 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Straw Mulch Effect on Soil and Water Loss in Different Growth
Phases of Maize Sown on Stagnosols in Croatia
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Abstract: Soil and water loss due to traditional intensive types of agricultural management is
widespread and unsustainable in Croatian croplands. In order to mitigate the accelerated land degra-
dation, we studied different cropland soil management strategies to obtain feasible and sustainable
agro-technical practices. A rainfall simulation experiment was conducted at 58 mm h–1 over 30 min
on 10 paired plots (0.785 m2), bare and straw covered (2 t ha−1). The experiment was carried out
in maize cultivation (Blagorodovac, Croatia) established on Stagnosols on slopes. Measurements
were conducted during April (bare soil, after seeding), May (five-leaves stage), and June (intensive
vegetative growth) making 60 rainfall simulations in total. Straw reduced soil and water losses
significantly. The highest water, sediment loss, and sediment concentrations were identified in tillage
plots during May. Straw addition resulted in delayed ponding (for 7%, 63%, and 50% during April,
May and June, respectively) and runoff generation (for 37%, 32%, and 18% during April, May and
June, respectively). Compared with the straw-mulched plot, tillage and bare soil increased water loss
by 349%. Maize development reduced the difference between bare and straw-mulched plots. During
May and June, bare plots increase water loss by 92% and 95%, respectively. The straw mulch reduced
raindrop kinetic energy and sediment detachment from 9, 6, and 5 magnitude orders in April, May,
and June, respectively. Overall, the straw mulch was revealed to be a highly efficient nature-based
solution for soil conservation and maize cultivation protection.

Keywords: agriculture systems; clay–loam soil; artificial rainfall; nature-based solutions; soil conservation

1. Introduction

Soil is an irreplaceable resource, as it continues to provide habitat for 95% of the
world’s produced food. Besides enabling food security, soils are multi-functional. Soils
sequester carbon; recycle nutrients; regulate and filtrate water; provide habitat support,
cultural services, raw materials and food; remediate contaminants; control flooding, erosion,
pests, and disease; and increase biodiversity [1]. If the soils are properly managed, many
soil ecosystem outcomes are accomplished. In this context, Viana et al. [2] highlighted that
UN Sustainable Development Goals (SDGs) should consider adopting innovative forms
of sustainable practice to increase efficiency, build resilience, and mitigate the impact of
agriculture. Besides tillage, nutrient management is vital to increase soil productivity and
reduce yield variability in vulnerable environments [3]. This approach supports several
SDGs, such as zero hunger (SDG 2), climate action (SDG 13), and ensuring sustainable
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consumption and production patterns (SDG 12); regardless, water and food security are
threatened under climate change [4].

Soils are endangered by several degradation processes. Loss of organic matter, crust-
ing, soil compaction, soil acidification, nutrient imbalance, pollution, salinization, and
erosion appear as signs of agricultural intensification. Conventional agriculture practices
have devastating impacts on the environment and are a major cause of land degradation,
biodiversity loss, and climate change [5]. Between 60 and 70% of soils in the European
Union are unhealthy [6], while at least one third of land globally is considered moderately
to highly degraded [7]. Despite these risks, the importance of food security is still criti-
cal, and food production will increase in the future. Possible food crises accelerated by
warfare [8] or population growth [9] are the major factors in future soil disturbance. It is
expected that an increase of approximately 25–70% above current production levels may be
necessary to meet 2050 crop demand [10,11], and this will increase the area subjected to
agricultural soil degradation.

Maize production is one of the most important cereals both for human and animal
consumption; it is grown for grain and forage. Among the main crops produced, maize
is certainly one of the most important crops for humanity. According to the FAO [12],
maize production covers 205 million ha, making this crop, alongside wheat, one of the
most important for farmer income [13]. Maize cultivation is organized in a wide diversity
of soils and environments. In addition, different crop and soil management practices
occur in maize cultivation; from dominantly no-tillage and other conservation-tillage
systems of production in developed countries, to conventional tillage systems which occur
in low-development countries with a prevalence of smallholders [13]. This diversity of
management also has powerful implications for soil condition, quality, and soil degradation.
Conventional agricultural practices, such as ploughing or excessive agrochemical use, are
a major threat to soil system sustainability. Bare soils, for instance, are a generator of
sediment, nutrient loss, and diffuse pollution [14]. In addition, previous works revealed
that soils under maize are highly vulnerable to soil erosion and sediment transport on
silty [15], loam [16], clay–loam [17], or sandy soils [18] in different environments. Since
the cultivation of maize is in wide rows, the plant cover is not significant, making it a
ineffective crop for raindrop interception.

Several erosion control measures are used in different agricultural landscapes: reduced
tillage and/or no-tillage management, suitable crop rotations, mulching, cover crops, strip
and/or contour cropping, and terracing [19]. Recently, nature-based solutions (NBS) have
become popular measures to control and reverse land degradation. Their introduction
to practical crop production is essential for sustainable development [20]. Application
of organic mulch materials is one example of a NBS for restoring degraded ecosystems
and delivering vital ecosystem services, since it has a positive/neutral effect on several
land degradation processes in agricultural soils [21]. Therefore, this strategy should be
considered a primary practice to halt soil erosion; furthermore, it supports major EU
policy priorities, in particular the European Green Deal, Biodiversity strategy and Climate
adaptation strategy. Globally, mulching has been tested as a solution for controlling soil
erosion [14,22–24]. However, the precise contribution of mulching at particular maize
growing stages for controlling soil erosion has not been singled out as a separate variable.
This topic is especially important due to reports indicating that a single high-magnitude
rainstorm can be responsible for 93% of the total annual soil losses [25]. Besides the
favourable impact on hydrological response, organic mulch application has other benefits
for the soil system as well. Mulch was proven to improve soil structure; conserve soil
moisture; reduce soil compaction; and increase soil organic matter, infiltration, nutrient
concentration, and cycling [26–29]. Despite all mentioned positives, in countries with poor
agricultural sectors, a clear tradition about conservation practices is missing, so the use
of mulch in practical crop production is rare and its impact in most agricultural systems
is not well understood. Maize cropping systems in Central Europe have mostly focused
on testing the effects of different tillage directions or no-tillage implementation in recent
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decades, thanks to pioneers who developed new strategies in soil conservation. However,
most of the mentioned research focused on the effect of tillage systems and crops on yearly
soil erosion proportions [30–33], without considering the effect of single rainstorms on
different crop cultures in especially vulnerable growth stages.

New challenges are confronting Croatian croplands, resulting from the potential for
organic residues in agricultural production to improve soil systems and ensure more
sustainable management. Therefore, the aim of this work is to (1) investigate the use of
straw mulch as an NBS to reduce soil and water loss in maize cropping systems, (2) to
determine the critical stages of maize development when the soil degradation is greatest,
and (3) to assess the short-term impact of straw mulch on soil health. We hypothesize that
organic mulching will preserve soil quality and promote the recovery of soil services in
poor-quality stagnosols on slopes.

2. Materials and Methods
2.1. Location, Climate and Soil

The experiment was set up in the municipality of Dežanovac, in the southern part
of Bjelovar-Bilogora County, continental Croatia (Figure 1). Bjelovar-Bilogora County is
a large Croatian rainfed cropland production zone, with maize, wheat, barley, soybean,
and rapeseed being the dominant crop cultures. The study area is characterized by gentle
hills area with dominantly silty soils developed on loess [15]. The studied plot has been
arable land for more than two centuries, with conventional agricultural practices located at
129 m a.s.l. on a 9◦ slope. The climate is temperate continental, with an average rainfall of
889 mm, but with erratic distribution, particularly in the spring and autumn, when most
of the high-intensity rains occur. The mean annual temperature is 10.7 ◦C, ranging from
−0.4 ◦C in January to 20.6 ◦C in July [15]. Soil is silty stagnosol with low organic matter
concentration and poor structure, which makes this soil type prone to compaction and
erosion [34]. General soil properties are presented in Table 1.
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Table 1. Soil profile characteristics of the study site. Values following ± indicate standard deviation.

Horizons Ap + Eg Eg + Btg Btg

Depth range (cm) 0–24 24–35 35–95
pH in KCl (w/w 1:2.5) 4.21 ± 0.15 4.20 ± 0.18 4.81 ± 0.23

Organic matter (g kg−1) 16 ± 3.3 14 ± 4.2 6 ± 3.8
Available P2O5 (g kg−1) 172 ± 18 65 ± 4 244 ± 24
Available K2O (g kg−1) 308 ± 6 123 ± 8 502 ± 12

Clay (<0.002 mm) (g kg−1) 235.8 ± 9.0 241.3 ± 6.9 230.3 ± 11.7
Silt (0.02–0.002 mm) (g kg−1) 291.2 ± 42.1 273.4 ± 7.2 289.0 ± 39.9

Fine sand (0.2–0.02 mm) (g kg−1) 465.1 ± 47.9 479.8 ± 8.4 476.1 ± 40.5
Coarse sand (2–0.2 mm) (g kg−1) 7.9 ± 1.4 5.6 ± 1.0 4.6 ± 1.1

Texture classification Clay Loam Clay Loam Clay Loam

The annual management consists of ploughing during October or November, followed
by disking or cultivation in spring (April or March) prior to sowing. Maize is usually
fertilized with urea 46% (150 kg ha−1), NPK 7:20:30 (400 kg ha−1), and calcium ammonium
nitrate (KAN) 27% (300 kg ha−1). Farmyard manure or slurry was not part of the regular
management, while organic residues are regularly incorporated in soil by tillage interven-
tions. The preceding culture was winter wheat, and straw was mixed with soil during
primary tillage. Maize was sowed by a JD 750A planter (John Deere, Moline, IL, USA)
on 15 April 2020 (73,000 grains ha−1; inter row spacing 70 cm, sowing depth 4 cm), and
herbicide application (“Adengo”, dosage 0.44 L ha−1) was performed on 9 May. Inter-row
cultivation intervention was not performed during 2020.

2.2. Experimental Design and Field Observations

The experimental setup consisted of 10 paired plots (Figure 1), named straw and bare
(control). Each paired plot consisted of two plots of 0.785 m2 (metal ring of 1 m diameter),
with a 3 m distance between them. The bare plot is a control treatment. The surface of this
area is without vegetation due to conventional tillage management (tilled), while the straw
plot was manually covered with 2 t ha−1 of barley straw; the mulch covered approximately
80% of the topsoil (straw).

Rainfall simulation experiments were carried out during the three growth stages
of maize during April (after seeding—VE stage), May (five leaves—V3 stage), and June
(intensive vegetative growth—V5 stage) by using a pressurized type of rainfall simulator
(UGT Rainmaker, Müncheberg, Germany). In total, 60 rainfall simulation experiments
(10 per treatment, 20 per growing stage) were performed using a rainfall intensity of 58 mm
h−1 for a duration of half an hour; storms such as that simulated have a return ratio in the
area of research every 7 years [35]. Plots were established in non-traffic areas, and a plastic
vessel was used above the plots to ensure calibration before the simulation commenced.
Before each rainfall simulation experiment, soil samples (0–10 cm depth) were collected
in the close vicinity of a circular metal ring used for overland flow collection. Samples
were collected using soil cores (for bulk density—BD, water holding capacity—WHC,
and soil water content—SWC) and by shovel for soil structural characteristics (mean
weight diameter—MWD, and water stable aggregates—WSA). A photo of the plot surface
and measurement of inclination were noted to obtain vegetation/mulch cover and slope,
respectively. Finally, a chronometer was used to determine the time to ponding (TP) and
time to runoff generation (TR). To collect the overland flow during rainfall simulation
experiments, a plastic canister was connected to the metal ring (plot) for the collection of
overland flow. The collected surface flow was weighed and filtered to obtain runoff and
soil loss (SL) after drying on a filter paper. Sediment concentration (SC) was calculated by
dividing the mass of SL by the mass of the runoff [36].
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2.3. Laboratory Analysis

Soil cores were weighted before and after wetting for determination of WHC, and
dried in an oven at 105 ◦C for 48 h and weighed obtain the BD and SWC, according to
Black’s method in [37]. Undisturbed soil collected by shovel and stored in rectangular
boxes was used for gentle hand preparation of soil aggregates, following instructions of
Dıaz-Zorita et al. [38], before soil aggregates were subjected to dry sieving for the duration
of 30 s to obtain aggregate size fractions [39] and calculate MWD. A 4 g amount of the size
fraction 0.4–0.5 mm diameter was used for soaking to obtain WSA, following the method
of Kemper & Rosenau [39].

2.4. Statistical Analyses

The normality of data distribution was assessed with Shapiro–Wilk test (p > 0.05).
Several variables did not respect the Gaussian distribution, so they were normalized with a
Box–Cox transformation. A two-way ANOVA was used to identify significant differences
among plots and growth stages. If significant differences were found (at p < 0.05), the
Tukey HSD post-hoc test was applied. A principal component analysis (PCA) (based on the
correlation matrix) was performed on Box–Cox data to identify the intrinsic relationships
between the variables. Data analyses were carried out with Statistica 12.0 (StatSoft, Tulsa,
OK, USA) [40]. Figures were elaborated with Plotly [41] to present the original data.

3. Results
3.1. Management and Growth-Stage Impact on Soil and Hydrological Response

Results of straw and growth-stage impact on soil are presented in Table 2. BD ranged
from 1.15 g cm−3 to 1.59 g cm−3 in tilled plots, and from 1.29 g cm−3 to 1.57 g cm−3 in
straw plots. BD was significantly lower in WE and W3 stage compared with the cropland
W7 stage in tillage plots. WHC and SWC of the soils ranged from 28.70% to 44.00%, and
from 20.20% to 34.90%, respectively. SWC was significantly higher in the tilled plots than
in the straw plots at W3 stage. Temporal patterns reveal significantly higher SWC at W3
stage than in the other stages in tillage plots, while in straw plots, the W7 stage showed
significantly lower SWC than at other stages.

Table 2. Results of two-way ANOVA analysis considering soil properties. Different letters after mean
values in the columns represent significant difference at p < 0.05. Capital letters show statistical
difference between stage growth. Lower case letters show statistical differences between treatments.
Abbreviations: WE—after seeding; V3—five leaves stage; V5—intensive vegetative growth; BD, bulk
density; SWC, soil water content; WHC, water holding capacity; MWD, mean weight diameter; WSA,
water-stable aggregates.

Growth
Stage Treatment

BD (g cm−3) SWC (%) WHC (%) MWD (mm) WSA (%)
Mean SD Mean SD Mean SD Mean SD Mean SD

VE
Tilled 1.35 Ba 0.11 27.61 Aa 1.50 40.84 Ba 1.50 3.51 Aa 0.20 24.51 Aa 4.57
Straw 1.38 Aa 0.06 28.47 Aa 2.53 41.44 Aa 1.46 3.52 Aa 0.15 26.04 Aa 3.68

V3
Tilled 1.43 Ba 0.05 33.05 Aa 1.23 38.69 Aa 3.60 3.32 Aa 0.23 21.50 Aa 4.52
Straw 1.45 Aa 0.07 29.07 Aa 1.43 40.05 Ab 0.80 3.31 Aa 0.22 24.61 Aa 5.24

V5
Tilled 1.46 Aa 0.08 25.80 Aa 1.57 39.23 Ba 1.56 2.88 Ba 0.12 24.92 Aa 4.52
Straw 1.45 Aa 0.07 25.36 Aa 3.54 39.44 Ba 2.63 2.85 Ba 0.27 28.03 Aa 5.24

MWD and WSA varied between 2.23–3.91 mm and 13.16–35.26%, respectively. At
W7 stage, MWD was significantly lower in both treatments than at WE and W3 stage.
The highest WSA was marked at W7 stage in both treatments. In all cases, no significant
difference was identified.

The mean TP in the tilled plots was found to be 126.4 s, with a maximum value of 360 s
and a minimum value of only 5 s (Table 3). In straw plots, the mean was found to be 189.7 s,
with a maximum value of 420 s and a minimum value of only 20 s. TP was significantly
higher in the WE stage, compared to the W3 stage in both treatments, while the absolute
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values were higher in straw plots than in tilled. For TR, the values of 360 s were registered
in tilled plots, reaching 780 and 60 s as maximum and minimum values, respectively. In
straw plots, TR mean was 510 s, reaching 1800 and 120 s as maximum and minimum values,
respectively. TR was significantly higher in the WE and W7 stages, compared to the W3
stage in both treatments, while the absolute values were higher in straw plots than in tilled.
The runoff values ranged from 7.34 to 32.98 m3 ha−1 (mean 20.16 m3 ha−1) in the WE stage,
from 67.50 to 129.35 m3 ha−1 (mean 98.42 m3 ha−1) in the W3 stage, and from 55.48 to
108.73 m3 ha−1 (mean 82.10 m3 ha−1) in the W7 stage. In all growth stages, a significantly
higher runoff was identified in tilled plots. In both treatments, significantly lower runoff
was identified during WE stage than during other stages.

Table 3. Results of two-way ANOVA analysis considering overland flow properties. Different let-
ters after mean values in the columns represent significant difference at p < 0.05. Capital letters
show statistical difference between stage growth. Lower case letters show statistical differences
between treatments. Abbreviations: WE—after seeding; V3—five-leaves stage; V5—intensive veg-
etative growth; PT, time to ponding; RT, time to runoff; SC, sediment concentration; SL, sediment
loss.Growth stage.

Treatment
TP (s) TR (s) Runoff (m3 ha−1) SC (g kg−1) SL (kg ha−1)

Mean SD Mean SD Mean SD Mean SD Mean SD

VE
Tilled 234 Aa 71.8 456 Aa 158.0 33.0 Ba 14.0 18.5 Aa 11.8 639.5 Ba 662.1
Straw 252 Aa 73.8 720 Aa 434.5 7.3 Bb 7.8 11.2 Aa 7.5 74.5 Bb 64.6

V3
Tilled 35 Ba 37.2 192 Ba 97.2 129.3 Aa 28.4 25.4 Aa 8.3 3283.8 Aa 1292.6
Straw 95 Ba 83.2 282 Ba 113.3 67.5 Ab 37.7 8.8 Ab 2.9 586.5 Ab 314.3

V5
Tilled 110 Aba 35.5 432 Aa 132.1 108.7 Aa 40.7 18.4 Aa 5.6 2030.2 Aa 1108.2
Straw 222 ABa 85.1 528 Aa 205.5 55.5 Ab 43.9 16.5 Aa 28.1 418.5 Ab 229.4

SC values ranged from 5.13 g L−1 to 41.46 g L−1 in tilled plots and from 4.45 g L−1 to
95.65 g L−1 in straw plots. SC showed different results, exhibiting significantly higher SC
values in tilled plots in comparison with straw plots during the W3 stage. Temporal trends
indicate non-significant behavior among growth stages at both treatments. The SL values
ranged from 201.85 to 5067.29 kg ha–1 (mean 1984.48 kg ha–1) in the tilled plots, and from
0.00 to 1047.77 kg ha–1 (mean 359.83 kg ha–1) in the straw plots. Significant differences were
observed at all growth stages among treatments. Tilled plots show significantly higher SL
in every growth stage. Among growth stages, soil losses were significantly lower at WE
than at W3 and W7.

3.2. Interrelation of the Variables

The first four factors explained 71.4% of the total variance. Factor 1 explained 38.89%,
Factor 2 explained 14.84%, and Factors 3 and 4 explained 9.22% and 8.46%, respectively.
Factor 1 had high positive loadings in WHC, TP, and TR, and high negative for runoff, SL,
and SC (Table 4). Factor 2 had high positive loadings for SWC and MWD, and high negative
loadings for WSA. Finally, Factor 3 and Factor 4 had high negative loadings in BD and slope,
respectively. The intersection between Factor 1 and Factor 2 shows that runoff, SL, BD, SC,
slope, and SWC are inversely related to the majority of the other variables, especially to
the TP, TR, WHC, WSA and MWD (Figure 2A). The land management practices and time
of measurement had different impacts on studied variables in tilled and straw treatments.
The variability is lower in the W7 stage compared with the WE and W3 stages (Figure 2B).

74



Land 2023, 12, 765

Table 4. Loadings matrix considering the first four factors extracted from the Principal Component
Analysis. Eigenvalues retained in each factor are in bold.

Variable Factor 1 Factor 2 Factor 3 Factor 4

Slope (◦) −0.267470 0.222276 0.305639 −0.670179
Bulk density (g cm−3) −0.401055 −0.406840 −0.423273 0.007005
Soil water content (%) −0.352835 0.601550 −0.341593 0.063127

Water holding capacity (%) 0.515545 0.314809 0.154563 −0.369870
Mean weight diameter (mm) 0.156117 0.801851 −0.132513 0.244787
Water stable aggregates (%) 0.323820 −0.453285 0.072216 0.350031

Time to ponding (s) 0.804425 −0.212584 0.100781 −0.121820
Time to runoff generation (s) 0.788527 −0.285131 0.189527 −0.096806

Runoff (m3 ha−1) −0.909082 −0.232817 −0.032220 −0.163268
Sediment concentration (g L−1) −0.426888 0.179558 0.717140 0.398189

Sediment loss (kg ha−1) −0.913082 −0.051735 0.324428 0.073881
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4. Discussion
4.1. Soil Properties

The results revealed that different land management partially changed some soil prop-
erties. The soil compaction between treatments was not significantly different at any growth
stage. This is in agreement with the observations of previous studies. Dugan et al. [14] did
not find difference between mulched and tilled treatments in the first few months after
mulch application in hazelnut orchards. Similar results were noted in studies of Mulumba
& Lal [42] and Głąb & Kulig [43] in croplands, indicating that a longer period of mulch ap-
plication is needed, or the dosage of mulch application is too low to create a positive effect
on soil compaction [21,44]. However, such criteria are not always solid, since there is proof
that under reduced or no-tillage systems, mulching can decrease BD in the intermediate
period [43,45]. The present study was performed under conventional tillage management; a
long period with a high mulch application dose is needed. Tilled plots showed an increase
in compaction over time, while in straw plots, the highest compaction was determined at
the W3 stage of maize. The temporal increase of the compaction can be attributed to soil
consolidation and tractor traffic. Moreover, the soil on the research site is silty with poor
physical and chemical characteristics [34], which makes it very susceptible to consolidation
and compaction [15]. Other findings also reported a significant increase in soil compaction
under natural conditions in a few months after tillage interventions [46–48].

WHC, WSA, and MWD was not affected by treatment during all three growth stages.
This can be attributed to the short duration of mulching practice and the low dosage of
straw in the experiment. Usually, mulch decomposes in the soil and gradually increases
the soil organic matter concentration, which improves the soil’s ability to hold water [49].
The current dosage of 2.5 t ha−1 of mulch is too low, which is also confirmed in the
study of Nzeyimana et al. [44]. However, the gradual increase of aggregate stability
over time on straw plots indicates the positive impact of straw mulch on soil structural
characteristics, as is proved in other works [45,50], despite the fact that MWD decreased
on both treatments in the W7 stage. This reduction is very likely due to the structural
deterioration by kinetic energy from rainfall, which easily breaks the artificial tillage-created
clods [47]. Jordán et al. [51] in their study of 11 years of straw application also did not
detect a significant increase in MWD, even in treatment with mulch dose of 16 t ha−1.

SWC in the studied area showed high values. It is known that the effects of mulching
on soil moisture depend on precipitation and climatic factors. Mulch effect on water
conservation is usually more marked in arid and semiarid conditions, since mulching
influences the soil moisture regime by controlling the surface evaporation rate [52]. Such
conditions were absent during the research period, since the precipitation was normal
and the high temperatures were not as high as those during summer. Therefore, positive
mulch impact on soil moisture conservation by reducing the evaporation rate was absent
in studied plots. Moreover, during the W5 stage, the tillage plots showed higher SWC
than straw plots. The unusual finding could be explained by the recent heavy rain that fell
just before the rainfall simulation experiment was performed. Precipitation on bare soil
completely entered the soil, while in straw plots, some parts remained on the cover. This is
not an uncommon occurrence, as other studies [53–55] have also showed similar or higher
SWC in wet conditions on straw or no-tillage plots compared with bare conventional plots.
However, it is important to further investigate this finding in future research to gain a
better understanding of its implications.

4.2. Hydrological Behaviour

Soil erosion in cropland under wide-row spring cultures such as maize is recurrent
and considerable during intense rainfall events. The main factors responsible for the high
sediment yields in continental Croatia are poor structural stability of the stagnosol under
conventional agricultural management and the lack of vegetation cover under frequent
and intense tillage, which are common in this region [15,56]. The absence of strong crop
rotations and lack of cover crop prevalence of wide-row cash crops like maize, potato, sugar
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beet and soybean, together with the lack of farmyard manure application, increases the rate
of erosion because these management practices result in greater sediment detachment in
croplands [57].

The usual strategies to fight soil erosion involve soil conditioning to improve soil
structure, using mulches, cover crops, no-tillage systems, contouring, grass margins, and
wide crop rotations with a prevalence of high-density crops and perennial grasses, which
effectively decrease runoff and soil and nutrient loss, as is proven in other works [30–33,35]
on similar pedological, geomorphological, and environmental conditions. Nevertheless, the
main strategy to reduce soil erosion in Croatia is tillage direction in conventional systems,
which significantly reduces the soil and nutrient losses if performed across the slope, or
using no-tillage [58,59], since other agricultural conservation practices are rarely used in
agricultural systems in Croatia and other Central European countries [60–63]. Moreover, the
majority of these unused strategies for reducing soil erosion are impractical or expensive
because of the time and labour involved, or the treatment and origin of the materials,
which often need to be transported or manufactured (i.e., mulches, farmyard manure, lime,
gypsum, biochar). Farmers also have an issue with structural problems, such as small
land parcels, poor economic strength, limited access to special machinery for conservation
tillage, or not having the knowledge to implement conservation management [57,64–66].
Coupled with high input prices, slow administration, and low market food prices, this
creates a challenging business environment [67].

Our research has shown the early maize development stage has a large effect on
soil erosion and hydrological processes in sloped croplands at the pedon scale. By using
a high rainfall-intensity rainfall simulation with use of a rainfall simulator on almost-
bare soil in the early stage of maize development, and by studying runoff generation
development and measuring soil losses under bare and straw-mulched soil, the present
study demonstrated that runoff coefficients depended on a management decision: a straw
mulch cover. The study site was situated on stagnosols under conventional agriculture on
a slope with an average of 9◦, where high runoff and sediment discharges were already
confirmed in a long-term study [31]. However, the step forward achieved in this work
was obtaining the conservation potential of straw mulch as a nature-based solution to
mitigate soil degradation in conventionally managed soils. Straw cover delays TP and
TR, and significantly decrease runoff and SL in WE, W3 and W7 maize stages. This has
also been reported by other authors in other European dry farming areas [65,68,69]. Our
results indicate that farmers should use straw in the early development stages of maize
cultivation because it contributes to reducing runoff and soil loss. However, in the later
development stages of maize, it did not reduce the overall erosion under high-magnitude
rainstorms. This is because the crop canopy is still relatively small for protecting the soil
during V3 and V7 maize stages. Other works confirm the need for greater crop cover to
obtain a significant reduction of soil loss [70,71]. Similar loss under the same pedological
conditions were reported by Kisić [35] under wide-row cultures such as maize or soybean.

The measurements carried out in Central Croatia simulated high-magnitude storms
and showed that croplands under maize can lose as much as 5.1 t ha−1 of soil in 30 min
when measured at the plot scale, which makes conventional soil management practices
on stagnosols unsustainable. Soil loss under straw-covered plots are six magnitude orders
lower. Such results indicate that conventional tillage negatively affects soil sustainability.
Tillage has been recognized as a major cause of soil erosion since agriculture was developed
and acts as a driving factor for an acceleration of soil loss in agricultural landscapes [72].
Our rainfall simulation experiments prove that such hydrological behavior on stagnosols
occurs mostly because the straw cover is embedded in the soil and acts as a barrier. Soil
cover protects the soil from raindrop impacts and is a key factor in controlling erosion, and
the present study results confirm this idea. Our study agrees with other research, e.g., in
Austria, where mulch tillage in silt–loam croplands seems to be responsible for 20–55%
lower runoff and 73–91% lower soil loss in comparison with conventional tillage [73].
In clay soil, Nishigaki [74] reported a 47% lower erosion rate on mulched cropland in
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comparison with bare plots. These findings confirm the fact that mulch on the soil surface
plays a key role in soil conservation in the early maize development stage in the studied
area. In each growth stage, we can notice a clear trend—a delay in the time to ponding and
time to runoff generation with a straw cover. As a result, more rain infiltrates in the soil
profile, which confirms the runoff behavior in the current study (Table 3).

4.3. Interrelations between Properties

The effectiveness of soil management, maize growing stage, and related properties
are shown in the PCA results. The grouping of the variables in PCA indicates that BD,
SWC, SL, slope, SC, and runoff are positively associated, and they are inversely associated
with the opposite group, consisting of WSA, MWD, WHC, TP, and TR. Such results prove
the fact that soil aggregation and compaction dominate the soil erosion response [38]. Soil
pores are crucial for controlling infiltration, and bigger and more stable aggregates are
responsible for lower compaction levels [75]. Positive interrelation between BD, SWC, SL,
and runoff in our study reveals that compaction levels modify soil pore characteristics,
which increases the overland flow and sediment loss. Compaction usually increases soil
loss and runoff generation [75] and decreases aggregate size [38], as shown in the present
study. Topsoil BD and SWC had a negative effect, while MWD and WSA had positive
effects on ponding time and runoff time. On bare soil, lower BD through higher porosity
contributed to accelerating the duration required for ponding. This was expected because
soil compaction reduces water infiltration, while larger and more stable aggregates reduce
runoff generation and soil loss [76].

Finally, a negative relationship between WSA, MWD, and SWC may be explained by
cohesion forces. When aggregates are dry, their stability is higher [77]. Cohesion forces
hold aggregates until SWC increases. However, when soil has a high SWC, it indicates a
high proportion of small and medium pores in the total porosity, since the water cannot fill
the pores of large dimensions. Such soil behavior clearly indicates that SWC is an important
factor in unsustainable soil erosion in the later stages of maize development in the present
experiment (Tables 2 and 3), despite the fact that maize canopy cover is higher at W3 and
W7 stages in comparison with WE stage. Soil management had a significant impact on
runoff rates and soil erosion risk after a simulated high-intensity storm. The soil and water
loss in maize croplands in Central Croatia are not sustainable when they are conventionally
tilled unless mulching is also performed.

5. Conclusions

Soil management had a significant impact on runoff rates and soil erosion risk after
a simulated high-intensity storm. The soil and water loss in maize croplands in Central
Croatia are not sustainable when traditionally tilled. Fast soil re-compaction after tillage
intervention modifies soil structural and hydraulic properties, which in turn decreases
the time to runoff generation and increases water and sediment loss. Although later
maize growing stages had higher canopy cover, the physical status of the soil and the
soil water content increases the erosion rate to an unsustainable level in comparison with
mulched plots. Straw mulch in all studied maize growing stages is a significant measure for
controlling soil and water loss. These findings show that from a soil erosion perspective, the
conservation management strategies in maize croplands in Croatia need to be developed.
An efficient reduction of runoff and soil erosion in early maize growth stages should be
achieved through straw mulching, or by developing other soil conservation measures. It is
crucial to increase land-use sustainability. The present study contributes to better soil use
management in Croatian croplands.
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Abstract: The influx of nearly a million refugees from Myanmar’s Rakhine state to Cox’s Bazar,
Bangladesh, in August 2017 put significant pressure on the regional landscape leading to land
degradation due to biomass removal to provide shelter and fuel energy and posed critical challenges
for both host and displaced population. This article emphasizes geospatial applications at different
stages of addressing land degradation in Cox’s Bazar. A wide range of data and methods were used
to delineate land tenure, estimate wood fuel demand and supply, assess land degradation, evaluate
land restoration suitability, and monitor restoration activities. The quantitative and spatially explicit
information from these geospatial assessments integrated with the technical guidelines for sustainable
land management and an adaptive management strategy was critical in enabling a collaborative,
multi-disciplinary and evidence-based approach to successfully restoring degraded landscapes in a
displacement setting.

Keywords: land degradation; sustainable land management; emergency; earth observation; sustainable
development goals; Rohingya

1. Introduction

Productive land is the foundation of global food security and environmental health,
zero hunger, poverty eradication and energy for all. However, this finite resource is under
continuous threat. Anthropic activities affects more than 70% of the global ice-free land
surface [1]. Globally, the biophysical status of 5670 million hectares (ha) of land is declining,
of which 1660 million ha (29%) is attributed to human-induced land degradation [2]. With
up to 40% of the planet’s land degraded, which would reach the size of South America
by 2050, land degradation is recognized as one of the significant environmental threats
to society, directly affecting half of humanity and threatening roughly half of the global
gross domestic product (GDP) [3]. Addressing land degradation through sustainable
management of natural resources and socioeconomic development, as well as “strengthen
cooperation on desertification, dust storms, land degradation and drought and promote
resilience and disaster risk reduction”, is recognized in the 2030 Agenda for Sustainable
Development [4].

Land degradation is intrinsically related to other environmental challenges, including
climate change, loss of biodiversity, and humanitarian crises. In 2020, more than 70 million
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forcibly displaced persons were scattered globally [5], and the number continues to grow.
Since 2008, climate refugees have been growing by more than 20 million people annually [6]
and could reach 140–200 million people by 2050 [7]. This expanding humanitarian crisis
potentially affects every people and ecosystem, putting refugees as both a cause and victim
of environmental and land degradation [8]. Restoring degraded land in and around refugee
camps can bring positive externalities to displaced populations and host communities,
and is increasingly being taken into consideration given the associated environmental
challenges affecting humanitarian settings.

In Bangladesh, one of the most vulnerable countries to climate change [9], the sud-
den influx of nearly a million Rohingya refugees/Forcibly Displaced Myanmar Nationals
(FDMNs) from the Rakhine state, Myanmar in August 2017, made Cox’s Bazar (the south-
ernmost coastal hill district of Bangladesh) home to one of the largest refugee settlements
in the world. The August 2017 influx, the largest and fastest refugee influx into Bangladesh,
has put substantial additional pressure on natural resources and increased already existing
challenges to human health, food security, nutrition, water supply and sanitation, shelter,
education, access to energy and environmental services, not only for the people displaced
but also for their host communities. To address this situation, the major stakeholders have
made a joint effort to rehabilitate the degraded landscapes inside and outside the camp area
since 2018. As a result, a total of 450 ha (approximately) of degraded areas were brought
under different restoration activities by different agencies, and an additional 2000 ha of
degraded forestland was maintained jointly with the Bangladesh Forest Department (BFD)
of the Government of Bangladesh (GoB).

Assessment and monitoring of restoration projects are often complex due to the
challenges related to accessibility, lack of affordable and appropriate methodologies, dif-
ficulty in obtaining long-term data and lack of funds, together with capacity constraints
in general [10]. Advancements in geospatial and earth observation technology and the
availability of higher resolution satellite data have considerable potential in effectively
delivering timely, cost-effective, reliable, and homogeneous information. However, only
some examples of the use of geospatial technologies to assess restoration interventions are
available [11]. In general, there is a lack of evaluation and dissemination of the restora-
tion results, representing a constraint on applying the best technologies and approaches
available [12]. There is also a broad consensus on the need for innovative approaches to
systematically evaluate the effectiveness of restoration efforts [10,12,13].

In this context, this article aims to present the ongoing geospatial approach that
integrated and facilitated different aspects of addressing land degradation in a displacement
setting in Cox’s Bazar, Bangladesh. The overall approach to land degradation assessment
and implementation of restoration activities evolved over time, taking into consideration
the availability of data and methods, need, capacity, expertise, and lessons learned. The
approach included delineating forest land boundaries, land cover mapping, wood fuel
supply and demand assessment, land degradation assessment, preparation of technical
specifications and suitability analysis for restoration activities, and implementation and
monitoring of restoration activities.

2. Materials and Methods

A wide range of data was collected or prepared using different methods to support
the process of addressing land degradation. Table 1 summarizes the list of data used for
various applications. After a brief overview of the study area, descriptions of the methods
are provided in subsequent sub-sections.
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Table 1. Data used in different stages of addressing land degradation.

Data Accessed from 1 Date of Data Application

Areas of interest

Rohingya refugee camps HDX 2018 Area of interest

Cox’s Bazar south forest division BFD 1920s (CS sheets), updated
and digitized in 2018 Area of interest

Forest land boundaries BFD 1920s (CS sheets), updated
and digitized in 2018

Area of interest and land
suitability assessment

Satellite image

Sentinel 2 images GEE 2017 to 2019 Land degradation assessment

Landsat 4, 5 and 8 images GEE 2003 to 2021 Restoration monitoring

Other

Buildings, roads, water body footprints HDX 2019 Land suitability assessment
(inside the camps)

Protected areas BFD 2018 Land suitability assessment

Land cover 2015 BFD 2015 Land suitability assessment

Digital elevation model
(0.5 m resolution) IOM-NPM 2019 Land suitability assessment

(inside the camps)

SRTM Digital elevation model
(30 m resolution) GEE 2000 Land suitability assessment

(outside the camps)

Elephant path BFD 2016 Land suitability assessment

Restoration activity areas FAO 2018 and 2019 Restoration monitoring

Wood fuel supply and demand FAO-IOM 2016 and 2017 Restoration planning
1 BFD—Bangladesh Forest Department; CS—Cadastral survey; FAO—Food and Agriculture Organization of
the United Nations; GEE—Google Earth Engine; HDX—Humanitarian Data Exchange; IOM—International
Organization for Migration; NPM—Needs and Population Monitoring.

2.1. Study Area and Context

Cox’s Bazar district, with an area of about 2492 km2, is located between 20◦43′ and
21◦56′ north latitudes and 91◦50′ and 92◦23′ east longitudes. The district is located at the
fringe of the Bay of Bengal with an unbroken sea beach, the longest one in the world. It is
bounded by Chattogram district to the north, Bandarban district and Myanmar to the east,
and the Bay of Bengal to the south and west (Figure 1).
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As of October 2022, over 943,000 Rohingya refugees/FDMNs reside in the Ukhiya and
Teknaf sub-districts [14] in Cox’s Bazar south forest division, an administrative area for
the management of forest land by the BFD. The Cox’s Bazar south forest division covers a
significant part of the hill forests of the country, representing features of tropical evergreen
and semi-evergreen forests, and has one of the most species-rich and productive reserve
forests. However, these natural resources are becoming degraded through illegal logging,
encroachment, hill-cutting, forest fires, shifting cultivation, human settlement, agriculture
and horticulture expansion, and clear-felling followed by commercial plantation with short
rotation of exotic species [15,16].

Such prevailing land degradation dynamics in the area are further exacerbated by
fluctuating but persistent arrivals of Rohingya refugees/FDMNs, with a massive influx
of around 742,000 Rohingya refugees/FDMNs since 25 August 2017 [5]. The vast ma-
jority live in 34 extremely congested refugee camps, including the largest single site, the
Kutupalong-Balukhali Expansion Site, which accommodates more than 635,000 Rohingya
refugees/FDMNs [14]. All the camps are in Cox’s Bazar south forest division. This put
significant pressure on the regional landscape resulting from removal of trees roots and
cover grass to provide shelter and fuel for this forcefully displaced population. Figure 2
depicts the loss of vegetation from February 2017 to February 2018 due to the expansion of
the Kutupalong-Balukhali refugee camp.
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difference vegetation index (NDVI). A lower NDVI means less vegetation cover.

In response, various national and international agencies coordinated by the Energy
and Environment Technical Working Group (EETWG), in close collaboration with the
BFD and the local host communities and Rohingya refugees/FDMNs, have been working
together to implement an integrated land restoration approach to rehabilitate the degraded
lands inside and outside the camp area since 2018. This article considered restoration
activities in about 531 ha of land for which geographic boundaries were available. Table 2
presents the distribution of different restoration activities’ areas, times, and locations.
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Table 2. Area distribution and location of different restoration activities.

Type of Activity Activity Started Location Area (ha)

Forest restoration

2018
Outside refugee camp 0.36

Inside refugee camp 27.51

2019
Outside refugee camp 298.23

Inside refugee camp 66.53

Land stabilization

2018 Inside refugee camp 9.33

2019
Outside refugee camp 0.78

Inside refugee camp 4.96

Reforestation

2018
Outside refugee camp 11.36

Inside refugee camp 33.97

2019
Outside refugee camp 38.08

Inside refugee camp 40.12

Total 531.23

2.2. Delineation of Forest Land Boundaries and Land Cover Mapping

The forest land boundaries of Cox’s Bazar south forest division were delineated from
available cadastral survey (CS) sheets. The CS sheets were scanned and geo-referenced
using differential global positioning systems (DGPS). The geo-referenced images were
digitized to prepare the GIS layer and were further corrected using IKONOS (acquired in
2012), RapidEye (acquired in 2012) and IRS PAN (acquired in 2004) satellite images of the
Cox’s Bazar south forest division available in the BFD archive. The edges of each sheet map
were matched with adjacent ones, and positional accuracy was compared with reference
points collected from the field using real-time kinematic (RTK) positioning [17].

The 2015 national land cover map [18] was used as the baseline land information. It
was developed using multi-spectral ortho (Level 3) SPOT6/7 four-band images of 6-m
spatial resolution with a maximum of 10% cloud coverage. An object-based image analysis
(OBIA) approach was adopted to create image objects, followed by a visual image interpre-
tation technique to classify land cover. The overall accuracy of the 2015 national land cover
map was estimated at 89% [19].

2.3. Wood Fuel Supply and Demand Assessment

An assessment of wood fuel supply and demand was conducted in 2016 and was later
updated in 2017 [20] after the August 2017 influx. The assessment combined field and
remote sensing data following the recommended approach by d’Annunzio, R. et al. [21] for
assessing wood fuel supply and demand in displacement settings. The process included
an assessment of standing woody biomass available for use as fuel (fuel wood supply),
the changes they had undergone over a given period, consumption over the same time
(assuming wood fuel consumption is equal to wood fuel demand) and the gap between
demand and supply.

The assessment of supply was performed by combining field measurements for above-
ground biomass stock with land cover changes based on historical satellite image time
series analysis. For assessing the biomass stock in close proximity of refugee camps,
samples were taken randomly from different land covers (based on the 2015 land cover
map), having the potential for supplying wood fuel. A total of 15 plots were measured. The
plot design and wood fuel assessment followed the same procedures as in the Bangladesh
Forest Inventory [22], where each sample plot consists of 5 sub-plots (1 in the center and the
remaining four in four cardinal directions), each with a radius of 19 meters. For demand
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assessment, household interviews, participatory rural appraisals (PRA) and focused group
discussions (FGDs) were conducted to assess the fuel wood energy consumption of varying
social units inhabiting the area.

2.4. Land Degradation Assessment

Land degradation mapping was performed employing a before and after land cover
change analysis using Sentinel 2 multispectral 10 m images for February 2017 and 2018.
Five broad land cover classes (i.e., water, settlement, bare land, sparse vegetation and dense
vegetation) were delineated for 2017 and 2018 based on NDVI thresholds defined through
expert judgements. Different levels of land degradation were identified throughout Cox’s
Bazar south forest division based on the land cover change from 2017 to 2018 as follows:

• High degradation: if the dense vegetation class in February 2017 was converted to
bare land, settlement or water in February 2018.

• Medium degradation: if the sparse vegetation class in February 2017 was converted to
bare land, settlement or water in February 2018.

• Low degradation: if the dense vegetation class in February 2017 was converted to
sparse vegetation in February 2018.

2.5. Technical Specifications for Restoration Activities

Technical specifications for the restoration activities were prepared using the World
Overview of Conservation Approaches and Technologies (WOCAT) and documented in
a living report [23] in consultation with experts and stakeholders. Particular attention
was paid to the sustainability of plantation activities, considering aspects such as the
supply of seedlings from nurseries, vegetation growth, vegetation layers, inputs and
workforce, as well as ensuring the maintenance of plant biodiversity and promoting the
use of native species.

2.6. Suitability Analysis for Restoration Activities

Various spatial data (e.g., land cover, forest land boundary, slope, altitude, roads, river,
elephant path, flood risk due to low elevation and protected areas) were integrated with
land degradation to perform the land suitability assessment based on criteria identified
in consultation with local and national experts to identify potential and priority areas for
restoration. The process is continuously being updated as more data become available.

2.7. Implementation of Restoration Activities

A collaborative process was established by the Energy Environmental Technical Work-
ing Group (EETWG) and the Inter Sector Coordination Group (ISCG) to support the
coordination, planning and implementation of restoration activities inside the camps. The
site management and site development (SMSD) team assisted in overall camp planning and
management. The BFD played a crucial role in providing technical guidance in the design
and implementation process (e.g., plant selection, plantation management, and logistics) of
restoration activities inside and outside the camps.

In coordination with EETWG, implementing partner organizations mapped the avail-
able areas for restoration interventions in respective camps. Field area mapping was
conducted using GPS. Plantation targets were set depending on the budget and human
resources available. Specific areas were allocated for each organization, and documents
(including maps) were maintained to avoid overlapping and gaps. The degradation map
and potential restoration areas were verified on the ground jointly by relevant stakeholders
and implementing agencies and approved by the authorized government departments
before the initiation of restoration works. Considering the importance of quality planting
materials for the success of any restoration initiative, plant nurseries were developed with
support from the BFD and the host communities around the camps.
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2.8. Monitoring Restoration Activities

The productivity state, one of the three metrics for calculating the land productivity
sub-indicator for the sustainable development goals (SDG) indicator 15.3.1—Proportion
of land that is degraded over total land area [24], was used to assess the performance of
restoration activities. The productivity state in the monitoring periods can be calculated
from the 16 most recent years of annual net primary productivity (NPP) of vegetation data
up to and including the most recent year in the monitoring period. The mean of the most
recent three years is compared to the distribution of annual NPP values in the preceding
13 years. For calculating the land productivity sub-indicator and reporting on the SDG
indicator 15.3.1, the good practice guidance for the SDG indicator 15.3.1 [24] recommended
that only the areas of the lowest negative Z score (<−1.96) be considered as degraded and
other areas as not degraded.

In this study, the productivity states of two monitoring periods of 2019 to 2021 and 2016
to 2018 were calculated by comparing the mean annual normalized difference vegetation
index (NDVI), as a proxy of NPP, to the distribution of annual NDVI values observed
in 2003 to 2015. A fixed baseline period of 2003 to 2015 was used to facilitate a direct
comparison of the Z scores between the monitoring periods. Annual NDVI estimates for
the restoration areas were retrieved from Landsat 4, 5 and 8. Productivity states were
calculated as follows: calculate the mean (µ) and standard deviation (σ) of the annual NDVI
estimates from 2003 to 2015 inclusive (Equations (1) and (2), respectively), calculate the
means of the yearly NDVI estimates for the monitoring periods (Equation (3)) and calculate
the Z statistics for the monitoring periods (Equation (4)).

µ =
∑2015

2003 x
13

(1)

σ =

√
∑2015

2003(x− µ)2

13
(2)

x =
∑

y
y−2 x

3
(3)

z =
x− µ
σ/
√

3
(4)

where x is the annual NDVI and y is the end year of the monitoring period. Pixel-wise
differences of Z scores between 2019 to 2021 and 2016 to 2018 (subtracting the Z score of 2016
to 2018 from the Z score of 2019 to 2021) were calculated. Hence, positive difference indicates
improvement of state in 2019 to 2021 compared with 2016 to 2018 and vice versa. t-tests
were conducted to assess statistical significances and effect sizes [25] of the changes and
directions in productivity states considering different aspects (i.e., type, time and location)
of restoration activities. Z scores were calculated using the SDG 15.3.1 module of SEPAL
(https://sepal.io/, accessed on 20 January 2023), and t-tests were performed using R.

3. Results
3.1. Forest Land Delineation

From the forest land delineation, 67,692 ha of land boundary in Cox’s Bazar south
forest division was demarcated, of which 42,686 ha (63%) were forest land under the
management of the BFD. 35,801 ha of the forest land were identified as reserved and
6884 ha as protected forest. Of the 2639 ha of refugee camp area, about 75% was in the
forest land (69% reserved forest and 6% protected forest), as shown in Figure 3.

89



Land 2023, 12, 352Land 2022, 11, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 3. Distribution of forest land area with Cox’s Bazar south forest division and refugee camp 

area. 

3.2. Wood Fuel Supply and Demand 

The fuelwood demand assessment revealed a six-fold increase in fuelwood demand, 

from 54,542 tons per year in 2016 to 312,807 tons per year in 2017 (estimated from the total 

number of refugee households), while the entire available stock was estimated as 331,266 

tons of dry biomass. This revealed immense pressure on existing forest resources, indicat-

ing a complete loss of forestlands if the land degradation continued for a few years. 

3.3. Land Degradation 

In total, 7,220 ha of land (about 11% of the total area) were degraded within one year, 

of which about 74% was BFD forest land (i.e., protected or reserved forest). BFD forest 

lands, especially within and near the refugee camp area, were highly impacted by differ-

ent levels of degradation. As shown in Table 3, about 494 ha and 836 ha of land inside the 

camp were high and medium degraded, of which 99% and 90% were BFD forest land, 

respectively. Land degradation maps [26–28] were prepared and published for wider dis-

semination and sensitization among the stakeholders. 

Table 3. Land degradation in Cox’s Bazar south forest division (areas are in ha). 

 Forest type 
Degradation Other (enhancement or no 

change) 
Total 

High Medium Low 

Inside camp 

Non forest land 4 79 22 543 648 

Protected forest 5 56 4 101 165 

Reserved forest 484 701 25 616 1,826 

within 1 km from camp 

boundary 

Non forest land 9 107 42 1,533 1,691 

Protected forest 2 32 8 220 262 

Reserved forest 315 411 349 2,684 3,760 

within 1-5 km from camp 

boundary 

Non forest land 33 348 202 7,742 8,325 

Protected forest 3 64 38 1,133 1,237 

Reserved forest 173 536 930 14,484 16,122 

5 km further from the 

camp boundary 

Non forest land 48 656 300 13,338 14,342 

Protected forest 12 200 166 4,843 5,220 

Reserved forest 38 279 542 13,235 14,094 

Figure 3. Distribution of forest land area with Cox’s Bazar south forest division and refugee
camp area.

3.2. Wood Fuel Supply and Demand

The fuelwood demand assessment revealed a six-fold increase in fuelwood demand,
from 54,542 tons per year in 2016 to 312,807 tons per year in 2017 (estimated from the
total number of refugee households), while the entire available stock was estimated as
331,266 tons of dry biomass. This revealed immense pressure on existing forest resources,
indicating a complete loss of forestlands if the land degradation continued for a few years.

3.3. Land Degradation

In total, 7220 ha of land (about 11% of the total area) were degraded within one year, of
which about 74% was BFD forest land (i.e., protected or reserved forest). BFD forest lands,
especially within and near the refugee camp area, were highly impacted by different levels
of degradation. As shown in Table 3, about 494 ha and 836 ha of land inside the camp were
high and medium degraded, of which 99% and 90% were BFD forest land, respectively.
Land degradation maps [26–28] were prepared and published for wider dissemination and
sensitization among the stakeholders.

Table 3. Land degradation in Cox’s Bazar south forest division (areas are in ha).

Forest Type
Degradation Other (Enhancement or

No Change) Total
High Medium Low

Inside camp

Non forest land 4 79 22 543 648

Protected forest 5 56 4 101 165

Reserved forest 484 701 25 616 1826

within 1 km from
camp boundary

Non forest land 9 107 42 1533 1691

Protected forest 2 32 8 220 262

Reserved forest 315 411 349 2684 3760
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Table 3. Cont.

Forest Type
Degradation Other (Enhancement or

No Change) Total
High Medium Low

within 1–5 km from
camp boundary

Non forest land 33 348 202 7742 8325

Protected forest 3 64 38 1133 1237

Reserved forest 173 536 930 14,484 16,122

5 km further from the
camp boundary

Non forest land 48 656 300 13,338 14,342

Protected forest 12 200 166 4843 5220

Reserved forest 38 279 542 13,235 14,094

Total 1127 3468 2625 60,472 67,692

3.4. Technical Specifications for Restoration Activities

The technical specifications [23] were prepared in consultation with stakeholders and
experts. They were followed to avoid unplanned activities, protect plant biodiversity,
allocate resources efficiently and improve enabling conditions to implement landscape
restoration in Cox’s Bazar south forest division. The activities and technical specifications
were updated over time based on experiences, lessons learned and feedback from the
different national and international agencies involved in landscape restoration activities.
Figure 4 illustrates a representative example of schematic technical specifications and
implementation of land stabilization activity on the ground. Specifically, the example
demonstrates the use of multiple vegetation layers, including long-rooted grass species
to stabilize topsoil, leguminous shrubs for increasing soil fertility, bamboo as living rein-
forcement on vulnerable slopes and fast-growing tree species for quick vegetation cover to
reduce the risk of rainfall-induced landslides.
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Figure 4. Schematic technical specification (a) and on-the-ground implementation of land stabilization
activity (b) using multiple vegetation layers to reduce the risk of rainfall-induced landslides and
facilitate post-landslide slope rehabilitation (photo credit: Saikat Mazumder, FAO).

3.5. Suitability Analysis for Restoration Activities

Suitable areas for landscape restoration were identified and published [29–31]. De-
pending on the emerging needs and updated data, the approach is under continuous
revision. For instance, settlement footprints inside the camps and high-resolution (0.5 m)
digital elevation models (DEM) were used for mapping suitable areas in 2019 inside the
camp and new activities such as riparian plantation and roadside plantation were added,
which were not included in the 2018 restoration plan. Table 4 presents the criteria for land
suitability analysis for restoration activities inside the camps in 2019. Figure 5 shows an
example map of a land restoration plan for a camp in 2019.

Table 4. Criteria for land suitability analysis inside the camps in 2019.

Criteria Restoration Activities

Bare land in January 2019 and high slope (≥30◦) Land stabilization (biological and mechanical)

Bare land in January 2019 and low slope (<30◦) Land stabilization (biological)

Sparse vegetation in January 2019 and non-forest in 2015 Afforestation/reforestation

Sparse vegetation in January 2019 and forest in 2015 Forest restoration

Dense vegetation in January 2019 Maintenance and protection

Land within 5 meters from rivers and streams and within 1 meter from
other water bodies Land under use (waterside)

Land within 1 meter from settlements and roads Land under use (waterside)

Land within 2 meters from the land under use (roadside) Roadside plantation

Land within the 5 meters from the land under use (waterside) Riparian plantation

Plantation in 2018 Plantation in 2018
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3.6. Implementation of Restoration Activities

The major stakeholders have made a joint effort to engage about twenty organiza-
tions to rehabilitate the degraded forestlands inside and outside the camp area since 2018.
Approximately 450 ha of degraded areas have been brought under different restoration
activities by various agencies across 34 camps, involving more than 100,000 person-days.
While Rohingya refugees/FDMNs were engaged inside the camps, such as in site prepa-
ration, plantation management and camp maintenance, the host communities carried out
activities outside the camps, and 66 nurseries were brought into a nursery management
team (NMT). An additional 2000 ha of forestland and critical watershed areas outside the
camp area have been subject to restoration activities in 2020.

3.7. Monitoring Restoration Activities

Overall, there was a significant increase in the productivity state in 2019 to 2021 com-
pared to 2016 to 2018, with a small effect size for all restoration areas (t = 16.9, p < 0.001,
d = 0.22). However, mixed performances were observed for restoration areas when dis-
aggregated by type, location and year of activity, as presented in Table 5. For restoration
activities outside the camp area (about 66% of the total), significant positive change was
observed with a moderate effect size (t = 41.6, p < 0.001, d = 0.65). However, in the remaining
areas (inside the camp), a significant decrease in productivity state with a small effect size
was found (t = −15.5, p < 0.001, d = −0.35). For the restoration activities in 2018, the produc-
tivity state decreased significantly; however, the effect size was trivial (t = −4.8, p < 0.001,
d = −0.16). A significant and small increase in productivity state was noted for restoration
works of 2019 (representing about 84% of the restoration area). Considering the type of
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restoration, forest restoration and land stabilization works (representing approximately
77% of the restoration area) were found to have significant positive impacts. In contrast,
there was a significant negative impact on reforestation areas with a moderate effect size
(Table 5).

Table 5. Results from t-tests.

Restoration Area Area (ha) df t Statistic p Value Effect Size
(Cohen’s d) Descriptor 1

All 531 6106 16.9 p < 0.001 0.22 Significant and small increase

Location
Inside camp 182 1993 −15.5 p < 0.001 −0.35 Significant and small decrease

Outside camp 349 4142 41.6 p < 0.001 0.65 Significant and moderate increase

Year
2018 83 892 −4.8 p < 0.001 −0.16 Significant and trivial decrease
2019 449 5225 21.6 p < 0.001 0.30 Significant and small increase

Type
Forest restoration 393 4564 41.3 p < 0.001 0.61 Significant and moderate increase
Land stabilization 15 154 3.5 p < 0.001 0.28 Significant and small increase

Reforestation 124 1386 −22.1 p < 0.001 −0.59 Significant and moderate decrease
1 Effect size is labelled as trivial, small, moderate and large when |d| < 0.2, 0.2 ≤ |d| < 0.5, 0.5 ≤ |d| < 0.8,
|d| ≥ 0.8, respectively.

4. Discussion

There were several rapid assessments of environmental impacts following the influx
in August 2017. However, they differ in methodology, data, timeframe and area of interest;
hence the results are not directly comparable. For instance, one rapid environmental
assessment study [32] identified about 1500 ha of forest land encroachment due to camp
establishment up to November 2017. However, the assessment was semi-quantitative,
and the results were not spatially explicit. Another study used satellite imagery and
applied machine learning algorithms to quantity expansion of refugee settlements and
estimated about 2283 ha of degradation in forest areas [33]. The study provided spatially
explicit information on forest cover degradation without consideration of legal forest
land boundaries.

Overall, restoration activities showed significant small to moderate improvement in at
least 66% of restored areas. A global meta-analysis of 221 studies revealed an improvement
of vegetation structure between 36% and 77% by forest restoration compared with degraded
ecosystems [34]. Most of the gains were found outside the camp, where long-term care and
maintenance were comparatively easier to provide under the jurisdiction of the BFD. The
major challenge in sustaining restoration activities within the camp areas was associated
with the relocation of refugee settlements inside the camps converting restored areas into
other land use. People’s high dependency on forest resources (for energy and shelter, etc.)
and management initiatives (e.g., species selection, plantation method, collaboration and
protection, etc.) along with limited funding and lack of priority for long term maintenance
also had direct implications for the success of restoration activities. These factors were more
pronounced during the initial stage of the restoration activities. They could be attributed
as the driving factors for not attaining the results as expected for restoration activities
in 2018. Such landscape context is also identified as one of the major driving factors of
restoration success globally [34]. Accordingly, restoration activities in 2019 were more
organized, considering the lessons learned from restoration in 2018. A satisfactory sapling
survival and growth rate was observed for plantations in 2019 in a field-based plantation
assessment [35] which supports the results of this study.
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The initial humanitarian responses to land degradation in the area were spontaneous,
mainly due to a need for more informed decision-making and collaboration. Over the
past years, an integrated approach evolved to reverse the degradation of hundreds of
hectares of land. Recognizing the emergency need and the underlying driving factor for
land degradation (i.e., land cover changes due to rapid vegetation loss in this case), a
simple, intuitive and easy-to-implement method for land degradation assessment, based
on evaluation of NDVI dynamics and land cover change, was found effective not only in
identifying the degraded land but also in informing the stakeholders about the magnitude
and immediate need to respond.

Integrating land tenure information with restoration planning and implementation
is critical for achieving restoration outcomes, including land degradation neutrality [36].
In the context of Cox’s Bazar, the integration of spatially explicit land degradation infor-
mation with land tenure (i.e., legal forest land boundary) facilitated the identification and
prioritization of land for restoration and other interventions through a geospatial suitability
analysis. However, in the early stage of restoration works in 2018, there were instances
of scattered plantation interventions with little consideration of the local context. This
aggravated the crisis by contributing to conflict. A collaborative, inclusive, evidence-based
approach recognizing the direct land users, prevailing complex socioecological system, and
land ownership were necessary for success.

Understanding the supply and demand of fuel wood was critical for evidence-based
decision-making (e.g., what stocking rates are required for successful reforestation efforts).
The assessment of fuelwood supply and demand was necessary, in this regard, to determine
sustainable and optimum energy supply from plantations, considering the reduction of
demand due to improved energy consumption (e.g., improved cooking arrangements)
and/or the use of alternative energy sources (e.g., solar energy and LPG, etc.). Notably,
the immense pressure on forest resources revealed by the updated assessment was critical
in mobilizing and sensitizing key stakeholders to take immediate action to prevent the
complete loss of forest resources. The assessment was also essential for raising awareness
of the importance of safe access to fuel and energy.

Preparing technical specifications and guided implementation helped the implement-
ing agencies avoid unplanned activities, protect plant biodiversity and allocate resources
efficiently. Stakeholder involvement at every stage of land restoration was essential, re-
quiring substantial coordination between local authorities, community leaders, United
Nations agencies, non-governmental organizations and other partner organizations. The
collaborative implementation of restoration activities, with due attention to different and
sometimes conflicting stakeholders’ interests, was critical to the program’s success.

Land degradation in an area due to rapid loss of vegetation could be easily detected
through remote sensing technologies. Usually, assessing the success of restoration inter-
ventions requires long-term records [11], considering the time needed for restoration work
to take effect on the ground that can be detected by remote sensing. The time elapsed
since restoration began is one of the main drivers of forest restoration success [34]. The
restoration works in Cox’s Bazar started in less than five years, making it more challenging
to assess. In this regard, the approach adopted by comparing the Z scores for the produc-
tivity state metric, being sensitive to the recent magnitude and direction of change [24],
was found relevant and can be used in a similar context. In general, remote sensing and
geospatial analyses were adequate for the preliminary assessment of degradation and the
identification and prioritization of suitable restoration areas. However, the results needed
to be validated by ground observation before commencing restoration activities. Given the
emergency nature of the problem, the approach took a practical and intuitive approach,
which was later enhanced with additional data, information and capacity.

5. Conclusions

The unprecedented land degradation in Cox’s Bazar required an urgent response to
restore degraded landscapes. The longer the degradation persisted, the more difficult it
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would be to restore the landscape. In the most severely affected areas, there was a substan-
tial risk of irreversible damage, with a total loss of large tracts of forest. There had also
been scattered plantation interventions with little consideration of the local context, which
aggravated the crisis by contributing to conflict. Implementing and sustaining restoration
activities in such an emergency displacement setting was challenging. It required an inte-
grated, multidisciplinary and collaborative approach that considers the entire landscape,
including the people and ecosystems it contains.

Within less than five years of restoration work, remote sensing analysis revealed signif-
icant positive impacts in most areas brought under restoration activities. The availability of
timely information on the status of wood fuel supply and demand, spatially explicit infor-
mation on land degradation and land tenure, the identification and prioritization of suitable
land for restoration interventions, and a collaborative and inclusive approach to implemen-
tation were necessary preconditions for such success. Areas where restoration works did
not perform as expected were identified along with possible drivers. These driving factors
were carefully considered for more effective continuation of the ongoing efforts.

Over the last five years, in the transition from emergency to resiliency in a pro-
tracted displacement setting, the approach to address land degradation and manage
restoration activities is continuously being updated as more data, methodologies, and
capacities become available. Recognizing that every challenge is unique, the integrated ap-
proach adopted in Cox’s Bazar could be applied–with proper contextualization–in similar
displacement settings.

Author Contributions: Conceptualization, R.J., R.M., M.T.A.A., S.R., M.F.K. and M.H.; methodology,
R.J., R.M., B.A., A.G., P.M.-O., A.V., Y.F., R.d. and M.H.; software, R.J. and A.G.; validation, R.J. and
A.G.; formal analysis, R.J. and A.G.; investigation, R.M., M.T.A.A., S.R., M.F.K., M.H.K., M.S.R. and
H.N.H.; data curation, R.M., M.T.A.A., S.R., M.F.K. and H.N.H.; writing—original draft preparation,
R.J., R.M., M.T.A.A., S.R., M.F.K., A.G., F.M., P.M.-O., A.V., Y.F., G.F., I.J., M.H., B.A. and H.N.H.;
writing—review and editing, R.J., R.M., M.T.A.A., S.R., M.F.K., M.D., P.J.A., A.G., F.M., P.M.-O., A.V.,
Y.F., G.F., R.d., I.J., M.H., B.A., M.H.K., M.S.R. and H.N.H.; visualization, R.J., S.R., A.G. and F.M.;
supervision, I.J. and M.H.; project administration, M.D., P.J.A. and M.H.; funding acquisition, M.D.,
P.J.A. and M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the anonymous reviewers for their comments
that helped improve the manuscript. The authors are grateful to the Rohingya refugees and host
communities in Cox’s Bazar, the relevant officials of Arannyak Foundation (AF), Bangladesh Forest
Department (BFD), Bangladesh Rural Advancement Committee (BRAC), Center for Natural Resource
Studies (CNRS), Food and Agriculture Organization of the United Nations (FAO), Helvitas, Interna-
tional Organization for Migration (IOM), International Union for Conservation of Nature (IUCN),
office of Refugee Relief and Repatriation Commissioner (RRRC), Shushilon, United Nations High
Commissioner for Refugees (UNHCR), United Nations Children’s Fund (UNICEF) and World Food
Programme (WFP) for their support during different stages of the work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IPCC. Climate Change and Land: An IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land

Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems; Shukla, P.R., Skea, J., Calvo Buendia, E., Masson-
Delmotte, V., Pörtner, H.-O., Roberts, D.C., Zhai, P., Slade, R., Connors, S., van Diemen, R., et al., Eds.; The Intergovernmental
Panel on Climate Change: Geneva, Switzerland, 2019.

2. FAO. The State of the World’s Land and Water Resources for Food and Agriculture—Systems at Breaking Point; Synthesis Report 2021;
FAO: Rome, Italy, 2021; p. 82.

3. UNCCD. Land Restoration for Recovery and Resilience, in Global Land Outlook 2; UNCCD: Bonn, Germany, 2022; p. 176.
4. Assembly, U.G. Transforming Our World: The 2030 Agenda for Sustainable Development, 21 October 2015, A/RES/70/1; United Nation:

New York, NY, USA, 2015; p. 35.
5. UNHCR. Global Trends: Forced Displacement in 2020; UNHCR: Geneva, Switzerland, 2021; p. 71.

96



Land 2023, 12, 352

6. IDMC. Global Report on Internal Displacement; IDMC: Geneva, Switzerland, 2016; p. 108.
7. Rigaud, K.K.; de Sherbinin, A.; Jones, B.; Bergmann, J.; Clement, V.; Ober, K.; Schewe, J.; Adamo, S.; McCusker, B.; Heuser, S.; et al.

Groundswell: Preparing for Internal Climate Migration; The World Bank: Washington, DC, USA, 2018; p. 256.
8. Suhrke, A. Pressure Points: Environmental Degradation, Migration and Conflict; University of Toronto: Toronto, ON, Canada;

American Academy of Arts and Sciences: Cambridge, MA, USA, 1993.
9. MoEF. Bangladesh Climate Change Strategy and Action Plan 2009; Ministry of Environment and Forests (MoEF), Government of the

People’s Republic of Bangladesh: Dhaka, Bangladesh, 2009; p. 76.
10. Ntshotsho, P.; Esler, K.J.; Reyers, B. Identifying Challenges to Building an Evidence Base for Restoration Practice. Sustainability

2015, 7, 15871–15881. [CrossRef]
11. Meroni, M.; Schucknecht, A.; Fasbender, D.; Rembold, F.; Fava, F.; Mauclaire, M.; Goffner, D.; Di Lucchio, L.M.; Leonardi, U.

Remote sensing monitoring of land restoration interventions in semi-arid environments with a before–after control-impact
statistical design. Int. J. Appl. Earth Obs. Geoinf. 2017, 59, 42–52. [PubMed]

12. Bautista, S.; Aronson, J.; Vallego, R.V. Land Restoration to Combat Desertification: Innovative Approaches, Quality Control and Project
Evaluation; Fundación Centro de Estudios Ambientales del Mediterráneo—CEAM: Valencia, Spain, 2010.

13. Benayas, J.M.R.; Newton, A.C.; Diaz, A.; Bullock, J.M. Enhancement of Biodiversity and Ecosystem Services by Ecological
Restoration: A Meta-Analysis. Science 2009, 325, 1121–1124. [CrossRef] [PubMed]

14. UNOCHA. Rohingya Refugee Crisis. 2022. Available online: https://www.unocha.org/rohingya-refugee-crisis (accessed on
13 December 2022).

15. Chowdhury, J.A. Towards Better Forest Management; Oitijjhya: Dhaka, Bangladesh, 2006; pp. 175–188. (In Bengali)
16. Hossain, M.K. Silviculture of Plantation Trees of Bangladesh; Arannayk Foundation: Dhaka, Bangladesh, 2015.
17. BFD and FAO. Forest Land Boundary Delineation of Cox’s Bazar North and South Forest Division from CS Mouza Sheets; Bangladesh

Forest Department and Food and Agriculture Organization of the United Nations: Dhaka, Bangladesh, 2018.
18. GoB. Land Cover Atlas of Bangladesh 2015 (in Support of REDD+); Forest Department, Ministry of Environment, Forest and Climate

Change, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2019; p. 161.
19. Jalal, R.; Iqbal, Z.; Henry, M.; Franceschini, G.; Islam, M.S.; Akhter, M.; Khan, Z.T.; Hadi, M.A.; Hossain, M.A.;

Mahboob, M.G.; et al. Toward Efficient Land Cover Mapping: An Overview of the National Land Representation Sys-
tem and Land Cover Map 2015 of Bangladesh. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2019, 12, 3852–3861.
[CrossRef]

20. IOM and FAO. Assessment of Fuel Wood Supply and Demand in Displacement Settings and Surrounding Areas in Cox’s Bazaar District;
BFD and FAO: Dhaka, Bangladesh, 2017; p. 96.

21. Thulstrup, A.W.; Henry, M.; D’Annunzio, R.; Gianvenuti, A. Assessing Woodfuel Supply and Demand in Displacement Settings:
A Technical Handbook; Food and Agriculture Organization of the United Nations and United Nations High Commissioner for
Refugees FAO: Rome, Italic, 2016.

22. Henry, M.; Iqbal, Z.; Johnson, K.; Akhter, M.; Costello, L.; Scott, C.; Jalal, R.; Hossain, A.; Chakma, N.; Kuegler, O.; et al. A
multi-purpose National Forest Inventory in Bangladesh: Design, operationalisation and key results. For. Ecosyst. 2021, 8, 12.
[CrossRef]

23. Mahamud, R.; Arif, T.; Jalal, R.; Billah, M.; Rahman, L.M.; Rahman, T.; Iqbal, Z.; Henry, M. Technical Specification for Land
Stabilization and Greening the Camp in Cox’s Bazar South Forest Division; Bangladesh Forest Department: Dhaka, Bangladesh, 2018;
p. 52.

24. Sims, N.C.; Newnham, G.J.; England, J.R.; Guerschman, J.; Cox, S.J.D.; Roxburgh, S.H.; Viscarra Rossel, R.A.; Fritz, S.W.I.; Wheeler,
I. Good Practice Guidance. SDG Indicator 15.3.1, Proportion of Land That Is Degraded Over Total Land Area. Version 2.0; United Nations
Convention to Combat Desertification: Bonn, Germany, 2021.

25. Cohen, J. CHAPTER 2—The t Test for Means, in Statistical Power Analysis for the Behavioral Sciences; Cohen, J., Ed.; Academic Press:
Cambridge, MA, USA, 1988; pp. 19–74.

26. Ritu, S.; Jalal, R.; Henry, M. Land Degradation in the Refugee Camps of Northern Part of Cox’s Bazar South Forest Division; FAO Publica-
tion, Food and Agriculture Organization of the United Nations and Bangladesh Forest Department: Dhaka, Bangladesh, 2018.

27. Ritu, S.; Jalal, R.; Henry, M. Land Degradation in the Refugee Camps of Middle Part of Cox’s Bazar South Forest Division; FAO Publication,
Food and Agriculture Organization of the United Nations and Bangladesh Forest Department: Dhaka, Bangladesh, 2018.

28. Ritu, S.; Jalal, R.; Henry, M. Land Degradation in the Refugee Camps of Southern Part of Cox’s Bazar South Forest Division; FAO Publica-
tion, Food and Agriculture Organization of the United Nations and Bangladesh Forest Department: Dhaka, Bangladesh, 2018.

29. Ritu, S.; Jalal, R.; Henry, M. Potential Areas of Landscape Restoration Interventions within and around Refugee Camps of Southern Part of
Cox’s Bazar South Forest Division; Food and Agriculture Organization of the United Nations and Bangladesh Forest Department:
Dhaka, Bangladesh, 2018.

30. Ritu, S.; Jalal, R.; Henry, M. Potential Areas of Landscape Restoration Interventions within and around Refugee Camps of Northern part of
Cox’s Bazar South Forest Division; Food and Agriculture Organization of the United Nations and Bangladesh Forest Department:
Dhaka, Bangladesh, 2018.

31. Ritu, S.; Jalal, R.; Henry, M. Potential Areas of Landscape Restoration Interventions within and around Refugee Camps of Middle Part of
Cox’s Bazar South Forest Division; Food and Agriculture Organization of the United Nations and Bangladesh Forest Department:
Dhaka, Bangladesh, 2018.

97



Land 2023, 12, 352

32. UNDP and UN WOMEN. Report on Environmental Impact of Rohingya Influx; UNDP and UN WOMEN: Dhaka, Bangladesh, 2018;
p. 106.

33. Hassan, M.M.; Smith, A.C.; Walker, K.; Rahman, M.K.; Southworth, J. Rohingya Refugee Crisis and Forest Cover Change in
Teknaf, Bangladesh. Remote Sens. 2018, 10, 689. [CrossRef]

34. Crouzeilles, R.; Curran, M.; Ferreira, M.S.; Lindenmayer, D.B.; Grelle, C.E.V.; Benayas, J.M.R. A global meta-analysis on the
ecological drivers of forest restoration success. Nat. Commun. 2016, 7, 11666. [CrossRef] [PubMed]

35. WFP. Plantation Assessment Report: Reforestation in the Rohingya Camps, Cox’s Bazar; The World Food Programme: Rome, Italy, 2020.
36. Chigbu, U.E.; Chilombo, A.; Lee, C.; Mabakeng, M.R.; Alexander, L.; Simataa, N.V.; Siukuta, M.; Ricardo, P. Tenure-restoration

nexus: A pertinent area of concern for land degradation neutrality. Curr. Opin. Environ. Sustain. 2022, 57, 101200. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

98



Citation: Rasva, M.; Jürgenson, E.

Agricultural Land Concentration in

Estonia and Its Containment

Possibilities. Land 2022, 11, 2270.

https://doi.org/10.3390/

land11122270

Academic Editors: Kleomenis

Kalogeropoulos, Andreas Tsatsaris,

Nikolaos Stathopoulos, Demetrios

E. Tsesmelis, Nilanchal Patel and

Xiao Huang

Received: 18 November 2022

Accepted: 9 December 2022

Published: 12 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Agricultural Land Concentration in Estonia and Its
Containment Possibilities
Marii Rasva and Evelin Jürgenson *

Forest and Land Management and Wood Processing Technologies, Institute of Forestry and Engineering, Estonian
University of Life Sciences, 51006 Tartu, Estonia
* Correspondence: evelin.jyrgenson@emu.ee

Abstract: Land is essential to livelihoods, so it is hard to overstate its strategic significance for well-
being and prosperity. It has been detected that farm size greatly influences agricultural sustainability
from the viewpoints of the economy, environment, and society. Land concentration is negatively
affecting the development of rural communities. Similar to other European countries, Estonia is
undergoing agricultural land concentration. One way to stop the further concentration of agricultural
land is to set an upper limit to land acquisition (similar to that in Latvia and Lithuania). This paper
aimed to determine what kind of regulations concerning agricultural land use and ownership Estonia
needs to restrain land concentration. Four sources of data were used for this research: statistical data
from Statistics Estonia, the data for the land holdings of agricultural producers from the Estonian
Agricultural Registers and Information Board, data from the Land Registry and available literature.
The outcome of the study confirmed that Estonia requires policy direction and regulations for the
agricultural land market, that would help to lighten the impact of land concentration in rural areas in
the long run, similar to several other European countries.

Keywords: land concentration; sustainable land management; policy directions; acquisition of
agricultural land

1. Introduction

Land is fundamental to prosperity and well-being and, due to this, it is hard to
overstate its strategic importance for existence. Large-scale land acquisitions transform
land use and food systems in targeted districts worldwide [1–6]. The outcome of these
large-scale land acquisitions is that agricultural land becomes concentrated. It has been
found that large-scale land purchases are causing socio-economic destruction. [7–11].

Agricultural land concentration is a topic of discussion in different countries, but
particularly current in post-Soviet countries. Land concentration is an activity by which
large agricultural concerns increasingly buy, or lease, land from other agricultural produc-
ers [12–15]. Supporting small farmers remains essential for food security and to combat
rural poverty. This phenomenon has affected countries like Slovakia [16], Hungary [5],
Romania [17], Poland [18] and many other countries. These countries all experienced major
land reforms after the Soviet Union collapsed. In the process of land reform, a lot of land
came onto the market and it was possible for buyers to purchase as much land as they
wanted. The prices of land are still low in these countries, compared with other European
Union countries.

The process of agricultural land concentration started decades ago but has recently
accelerated. It has been detected that farm size greatly influences agricultural sustainability
in economic, environmental, and social aspects [19]. Small agricultural producers are
vanishing rapidly, and places of employment in rural areas are decreasing [20–24]. The
rural living situation is worsened by job losses, poor social infrastructure, and the fact the
younger generation is moving away from rural areas. The process of land concentration is
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generally not reversible [25,26]. Land concentration is negatively affecting the development
of rural communities. Small agricultural producers are vital for rural communities as
they conserve rural cultural heritage and rural life. They enliven rural social life, produce
valuable products, use natural resources sustainably and assure a range of landowners in
rural regions [25,27–29]. Sustainable land use that ensures a fair and balanced distribution
of land, water, biodiversity and other environmental resources between various competing
claims, is necessary to secure human needs now and in the future [30].

Division of land ownership to cover a wide range is the foundation of the social market
economy and social cohesion [31]. It also ensures job creation in rural areas, adds significant
value to agricultural production, and is essential for ensuring peace in society. The future
of the agricultural sector depends on a new generation of farmers. The will to innovate and
invest in young people is vital for rural areas. The ageing of the agricultural sector can be
stopped, and the continuity of rural life can be secured through this.

Estonia has undergone, over its history, considerable structural changes, affecting its
agriculture. Through various streaks of occupation and simultaneous reforms, Estonia
became independent in 1991 and launched the most recent, still incomplete, land reform.
The laws of land reform, and agricultural reform, are inclined towards agriculture based on
small farms. In the early years of the reforms, between 1993 and 2001, the number of farms
in Estonia grew, and many small farms were involved [32]. However, over the period of
2001–2020, the number of small farms decreased and is continuing its downward trend.

Agricultural development is not favouring small-scale farming. The only choice for
small- and medium-sized farms is to grow or go. If farms are not able to grow in size
and acquire more land (move to larger sized farming groups), they are not able to survive.
Larger and more competitive agricultural producers push small farmers out of business,
and agricultural land becomes even further concentrated. Small farms struggle to survive
in the existing market situation, where large producers have a clear advantage. Thus, the
State should step in and regulate the agricultural land market so that small, medium and
large producers can coexist and operate under similar conditions.

The agricultural land market cannot be regulated only by means of market principles
because land genesis does not respond to prices in the same way as regular goods [33].
Several EU countries have laws with various objectives, from preserving agricultural land
for agricultural use to curbing land concentration. Since 2013, Hungary, Slovakia, Latvia,
Lithuania, Bulgaria, Romania and Poland have sanctioned land laws targeting unwanted
developments in their land markets [34].

Agricultural land concentration can be a threat to soil use as well. Previous studies
have shown that environmental damage from large-scale agricultural production includes
the destruction of soil fertility, contamination of water sources, loss of biodiversity, and
draining of wetlands [35,36]. Large-scale agricultural producers, whose primary purpose
may be to earn as much profit as possible, might be the outcome of further agricultural
land concentration. The cost of this kind of behaviour may result in severe and irreversible
environmental damage and harm to the soil [17,35]. Industrialised agricultural producers
are mainly interested in greater yields, which means soils are often harmed through more
intensive agriculture. Healthy soils are vital to reverse biodiversity destruction, assure
healthy food and guarantee everyday well-being. The European Union (EU) soil strategy
for 2030 has a vision and objectives to achieve healthy soils by 2050 [37]. The EU soil
strategy for 2030 supports the goals of the European Green Deal.

Besides the intensive use of agricultural land, there are several other environmental
issues. One is the soil sealing that can happen through land use changes. Agricultural
areas are replaced with development areas in the ongoing urban sprawl [38,39]. The conse-
quences of this kind of land use change may be that agricultural land use becomes more
complicated, as agricultural activities can disturb nearby land owners and users [40,41].
This situation emerges when there are no buffers between expanded urban areas and rural
areas, or when people who are not farming move to rural areas [42]. Eventually, only a
small number of agricultural producers survive near cities [43].
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Agricultural land fragmentation is also not environmentally friendly, as farming is
more expensive than it would be with compact land use. Extensive driving to get from
one field to another field results in increased pollution [44–48]. Agricultural activity is
complex and involves different aspects. Although land use changes and fragmentation are
important topics it is not feasible to handle all the involved issues in one paper. Therefore,
this study focused on agricultural land concentration and opportunities for restraining land
concentration in Estonia. Similar to many other European countries, Estonia requires policy
direction and regulations for the agricultural land market so as to relieve the influence of
land concentration in rural areas for extended periods. This paper aimed to determine the
kind of regulations, concerning agricultural land use and ownership, that Estonia needs to
curb land concentration.

2. Materials and Methods

Four types of data sources were required for this research. Statistics Estonia was
the resource for statistical data. The data on agricultural producers’ land holdings were
obtained from the Estonian Agricultural Registers and Information Board (ARIB). Land
Registry data was used to analyse changes in land ownership of the 49 largest agricultural
producers, according to 2020 ARIB data. Books, scientific papers, reports, acts of law,
regulations and documents were researched.

Data from Statistics Estonia (PMS416, PMS422) was used to analyse changes in Esto-
nian agricultural land use, including data on the number of agricultural households and
agricultural land use area. This data was for the years 2001, 2003, 2005, 2007, 2010, 2013,
2016 and 2020.

To obtain an overview of changes in Estonian agricultural land users’ land holdings,
ARIB data for agricultural land area and number of farms in 2011 and 2020 were dissected.
GIS software ArcGIS (version 10.4) was applied to summarise land users and land area
per farm. Farms were divided into six groups according to the size of their land holdings:
0–<2 ha, 2–<40 ha, 40–<100 ha, 100–<400 ha, 400–<1000 ha and >1000 ha. This division (into
six groups) was based on the method of the Farm Accountancy Data Network (FADN),
in which agricultural land area is separated into four size groups (0–<40 ha, 40–<100 ha,
100–<400 ha, >400 ha). To obtain a better understanding of the smallest farmers, we divided
the FADN size group 0–<40 ha into size groups of 0–<2 ha and 2–<40 ha. We divided
FADN size group >400 ha into size groups of 400–<1000 and >1000 ha to define the largest
agricultural producers. This means that two FADN size groups were changed for this study.
Figure 1 presents the study area and its position in Europe.
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Land Registry data were used to get an overview of land ownership changes among
49 land users. Land Registry data covered the years 2001, 2016 and 2021. In order to acquire
data from the Land Registry, ARIB 2020 data was used to ascertain the 49 largest producers.
After searching the ARIB 2020 data, an inquiry was sent to the Land Registry concerning
the 49 largest agricultural producers.

The farmed land areas of the 49 largest agricultural land users were studied to compare
land ownership and changes in land use area. Unfortunately, the earliest records from the
ARIB concerning land use were only available from the year 2003. ARIB data from 2003,
2016 and 2021 were used to compare land ownership with land use in this study. Farms
were grouped into six clusters according to the size of their land holdings: 0 ha, less than
100 ha, 101–200 ha, 201–400 ha, 401–1000 ha and more than 1000 ha. Data was applied
based on these group sizes.

Available books, scientific papers, reports, acts of law, regulations and documents
were studied to determine the restrictions EU countries have implemented to protect their
agricultural land against concentration. Firstly, information from reports and scientific
articles was used to find countries where such restrictions are implemented. Secondly, some
legal acts (that were available online and in English) from these countries were studied to
determine the exact regulations. Figure 2 illustrates the countries’ division in the study
regarding restrictions on agricultural land acquisitions.
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EU countries that were included in the study were divided into two groups. The first
group included countries from the western part of the EU (Germany, The Netherlands,
Denmark, France, Austria and Finland). The second group included post-Soviet EU
countries (Estonia, Hungary, Poland, Latvia and Lithuania).

3. Results
3.1. Agricultural Land Use Changes in Estonia

The number of agricultural households has diminished year-to-year (Figure 3). In
2020, there were 11,369 farms in Estonia, a considerable decrease from that in 2001 when
there were 55,748 farms in Estonia. Meanwhile, the agricultural land area has stayed nearly
the same. The utilised agricultural land area was 871,213 ha and 975,323 ha in Estonia in
2001 and 2020, respectively (Figure 3).
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Figure 3. The number of farms and area of agricultural land in Estonia between 2001 and 2020
(Statistics Estonia).

The average land use per farm in Estonia has grown due to the decrease in the number
of farms and the almost consistent farming area (Figure 4). In 2001, the area of agricultural
land use per farm was 16 ha. It had grown to 86 ha by 2020. The average agricultural land
use area per farm grew from 2 to 26 ha per year.
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Figure 4. Average utilised land per farm in Estonia between 2001 and 2020 (Statistics Estonia).

The number of farms in the three smallest land user groups (0–2 ha, 2–<40 ha and
40–<100 ha) diminished over the years 2011 to 2020. The number of farms in the three
largest (100–<400 ha, 400–<1000 ha and >1000 ha) groups grew (Table 1).

An analysis of farmers, according to the six farm size groups showed that between
2011 and 2020, area farmed by land users in the size groups 100–<400 ha and >1000 ha
increased the most. Meanwhile, the area farmed by land users in the size groups 0–<2 ha
and 2–<40 ha diminished. The agricultural land area used by size group 40–<100 ha stayed
almost similar for the period considered.
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Table 1. Data for land user groups, according to the area of farms for the years 2011 and 2020 (ARIB).

Groups
(ha)

2011 2020

Number Area (ha) Area (%) Number Area (ha) Area (%)

<2 1475 2140 0 1211 1778 0

2–<40 11,654 132,888 15 9785 107,119 11

40–<100 1460 91,563 10 1615 91,578 9

100–<400 1174 225,708 26 1660 275,696 28

400–<1000 337 207,844 24 556 244,574 25

>1000 126 216,893 25 212 257,964 26

Total 16,226 877,036 100 15,039 978,711 100

There were 768 farmers in Estonia, with land holdings above 400 ha in 2020, who
utilised 502,539 ha, or 51%, of the agricultural land. In 2011, 463 farmers with land holdings
above 400 ha utilised 424,736 ha, or 48%, of the farmed area. The agricultural land area
used by larger farms increased, while that used by smaller ones diminished (Figure 5a).
The number of farms in size groups 0–<2 ha and 2–<40 ha diminished (Figure 5b).
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In 2011, 1475 farms in size group 0–<2 ha used 2139.72 ha of agricultural land. In size
group 2–<40 ha, 11,654 farms used 132,888.41 ha. In 2020, there were 264 fewer farms in
size group 0–<2 ha using 361.57 ha less land. In size group 2–<40 ha, there were 1869 fewer
farms, using 25,769.19 ha less land than in 2011.

Farms in size groups 40–<100 ha, 100–<400 ha, 400–<1000 ha and >1000 ha increased
in number. In 2011 in size group 400–<1000 ha, 337 farms used 207,843.80 ha of farmed
land. In size group >1000 ha, 126 farms used 216,892.61 ha. By 2020, there were 219 more
farms in size group 400–<1000 ha and 86 more in size group >1000 ha. The farmed area
increased by 36,730.39 ha in size group 400–<1000 ha and by 41,071.78 ha in size group
>1000 ha.

In 2020, there were 275 legal persons and 936 self-employed in size group 0–<2 ha
(Figure 6). In size group 2–<40 ha there were 4203 legal persons and 5582 self-employed.
The self-employed formed the majority in these two size groups. There were no self-
employed in size groups 400–<1000 ha and >1000 ha. In size group 400–<1000 ha, there
were 556 legal persons, and 212 in size group >1000 ha.

The number of farms in size group 0–<2 ha formed 8.1% of the total number of farms
in Estonia (Figure 7a), utilising 0.2% of the total land area (Figure 7b) in 2020. The number
of farms in size group 2–<40 ha accounted for 65.1% of all Estonian land users, using 10.9%
of all agricultural land areas.
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Simultaneously, the number of farms in size group 400–<1000 ha accounted for 3.7% of
the whole number, utilising 25% of all agricultural land in Estonia. The number of farms in
size group >1000 ha accounted for 1.4% of the whole, utilising 26.4% of all used agricultural
land in Estonia.

3.2. Agricultural Landownership Changes in Estonia in 2001–2021

The area of properties owned by the 47 largest farms increased between 2001 and 2021.
Two producers’ land ownership area decreased in the same period but increased between
2001 and 2016. One producer owned 96.04 ha of land in 2001, and 2164.94 ha in 2016. The
second producer owned 76.01 ha of land in 2001, and 1116.18 ha in 2016.

In 2001, 41 producers had no land ownership or owned fewer than 100 ha of land
(Figure 8 and Table 2). In 2021, all producers were landowners and only four owned less
than 100 ha of land. In 2001, 20 producers owned fewer than 100 ha of land, and their
average landownership area was 38 ha. In 2021, it was 53 ha.

105



Land 2022, 11, 2270

Land 2022, 11, x FOR PEER REVIEW 9 of 17 

 

 
Figure 8. Area of landownership (Land Registry) of 47 agricultural producers in 2001 and 2021 
(Land Registry). 

Table 2. Changes in the 49 largest producers’ landownership area (Land Registry) between 2001 
and 2021 (Land Registry). 

Groups 
(ha) 

2001 2021 

Number 
Average Area 

Number 
Average Area 

ha % ha % 
0 21 0 0 0 0 0 

<100 20 38 1 4 53 2 
101–200 4 136 5 1 164 5 
201–400 1 215 8 3 267 9 

401–1000 2 488 19 15 787 26 
>1000 1 1741 67 26 1750 58 
Total 49 2618 100 49 3021 100 

The larger sized groups grew over the years (Table 2). In 2001, there were two farms 
in size group 401–1000 ha, and their average landownership area was 488 ha. In 2021, 
there were 15 producers in this size group, and their average landownership area was 787 
ha. Massive changes occurred in size group >1000 ha. In 2001, one producer owned 1747 
ha. In 2021, there were 26 producers with landownership larger than 1000 ha, and their 
average landownership area was 1750 ha. 

The average landownership area of these 49 producers was 86.48 ha in 2001. In 2016, 
this area was 1135.80 ha, and in 2021, it was 1193.62 ha. The average landownership area 
of the 49 largest producers grew by an average of 1107.17 ha between 2001 and 2021. The 
most enormous land ownership area was 1700.14 ha, and the smallest was five hectares 
(Figure 8). The average growth area was 1280.96 ha. Sixteen producers’ landownership 
area grew by more than the average. Ten producers’ landownership area grew by more 
than 100,000%, and the most significant growth was 312,347%. 

Analysing the changes in the 49 largest producers’ land use area by dividing them 
into size groups, it was found that the number of farms in the largest size group grew 
between 2003 and 2021 (Table 3). Most of the producers grew in size and moved into size 
group >1000 ha. In 2001, there were 40 farms in size group >1000 ha, five farms in size 
group 401–1000 ha, two producers in size group 201–400 ha, and in size groups 101–200 

Figure 8. Area of landownership (Land Registry) of 47 agricultural producers in 2001 and 2021
(Land Registry).

Table 2. Changes in the 49 largest producers’ landownership area (Land Registry) between 2001 and
2021 (Land Registry).

Groups
(ha)

2001 2021

Number
Average Area

Number
Average Area

ha % ha %

0 21 0 0 0 0 0

<100 20 38 1 4 53 2

101–200 4 136 5 1 164 5

201–400 1 215 8 3 267 9

401–1000 2 488 19 15 787 26

>1000 1 1741 67 26 1750 58

Total 49 2618 100 49 3021 100

The larger sized groups grew over the years (Table 2). In 2001, there were two farms
in size group 401–1000 ha, and their average landownership area was 488 ha. In 2021, there
were 15 producers in this size group, and their average landownership area was 787 ha.
Massive changes occurred in size group >1000 ha. In 2001, one producer owned 1747 ha. In
2021, there were 26 producers with landownership larger than 1000 ha, and their average
landownership area was 1750 ha.

The average landownership area of these 49 producers was 86.48 ha in 2001. In 2016,
this area was 1135.80 ha, and in 2021, it was 1193.62 ha. The average landownership area
of the 49 largest producers grew by an average of 1107.17 ha between 2001 and 2021. The
most enormous land ownership area was 1700.14 ha, and the smallest was five hectares
(Figure 8). The average growth area was 1280.96 ha. Sixteen producers’ landownership
area grew by more than the average. Ten producers’ landownership area grew by more
than 100,000%, and the most significant growth was 312,347%.

Analysing the changes in the 49 largest producers’ land use area by dividing them into
size groups, it was found that the number of farms in the largest size group grew between
2003 and 2021 (Table 3). Most of the producers grew in size and moved into size group
>1000 ha. In 2001, there were 40 farms in size group >1000 ha, five farms in size group
401–1000 ha, two producers in size group 201–400 ha, and in size groups 101–200 ha and
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<100 ha, there was one producer. In 2021, there was one producer in size group 401–1000 ha
and 48 in size group >1000 ha.

Table 3. Changes in the 49 largest producers’ land use area between 2003–2021 (ARIB) and proportion
of their landownership (2001–2021) area (Land Registry) to land use area (ARIB).

Groups (ha)
2003 Proportion of 2001 Land

Ownership Area to 2003
Land Use Area (%)

2021 Proportion of 2021 Land
Ownership Area to 2021

Land Use Area (%)Number Average
Area (ha) Number Average

Area (ha)

0 0 0 0 0 0 0

<100 1 58.51 0 0 0 0

101–200 1 145.54 0 0 0 0

201–400 2 283.48 25 0 0 0

401–1000 5 764.08 0 1 847.44 103

>1000 40 3040.48 3 48 2538.01 47

Producers in size group 201–400 ha utilised the largest share (25%) of owned land
in 2001. In 2021, there were no producers in size groups smaller than 401–1000 ha. All
these producers had moved into larger size groups. In size group 401–1000 ha, producers
had almost no owned land in 2001. In 2021, the share of owned land in this size group
had grown to 103% of the total land use. Farms in size group >1000 ha owned 3% of the
utilised land area in 2001. In 2021, the share of owned land in this size group was 47% of
the utilised land area.

Comparing the increase in land ownership area between 2001–2021 (Land Registry) to
the changes taking place in utilised land area (owned land and rented land, from ARIB) of
the 49 largest land users, it was found that many producers’ land use area had decreased,
while the area of land ownership had increased (Figure 9).
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In 2001, the average share of landownership area from the utilised land area (2003)
was 1.02%. In 2016, the average share of landownership area from utilised land area was
46%, and in 2021 it was 47%. Consequently, the share of owned land increased in the case
of the largest land users.
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3.3. Restrictions to Agricultural Land Purchase in European Union

The agricultural land market is subject to different regulations in the countries of
the world. The importance of a well-functioning agricultural land market is difficult to
over-emphasise.

Restrictions on the acquisition of agricultural land vary in different EU countries. The
member states decide on adopting and implementing agricultural land market regulations,
as certain land market regulations are missing at the EU level. However, EU treaties
disallow restrictions on the movement of capital [49].

In Germany, the legislation concerning the ownership of agricultural land favours
people engaged in farming. The approach aims to protect agricultural land from being
turned into development areas, to protect nature and the environment, and to assure food
security [50]. There is a permit obligation before any agricultural land transaction. Local
municipalities also possess a pre-emptive right to purchase agricultural land, and the
magistrate can appoint inheritable agricultural land to one particular heir in the case of
inheritance. In Germany, there is also a minimum area of agricultural land that is subject to
permit obligation.

In the Netherlands and Finland, there are no restrictions on acquiring agricultural land
based on the buyer’s legal form or citizenship [49]. However, there is a permit obligation
in Finland for persons from certain third countries. In Denmark, there are no longer any
specific restrictions on acquiring agricultural land.

There is a need to apply for a specific permit if persons from third countries wish
to acquire land in France. An obligation has to be approved by Sociétés d’Aménagement
Foncier et d’Etablissement Rural to purchase agricultural land [49]. In Austria, there is also an
obligation for approval from the Grundverkehrskommisson. However, in Austria, there are
exceptions to this rule.

In Hungary, there is an obligation to qualify as a farmer to purchase more than one
hectare of agricultural land [49]. To qualify as a farmer, a person has to be a citizen of
Hungary or another EU country [51]. A person who does not have the qualification
mentioned earlier must first be able to prove that they have been engaged in agriculture for
at least the previous three years. Secondly, this person must prove that they received an
income from agriculture over the previous three years.

In Hungary, there is a restriction on third persons using acquired agricultural land.
The owner must use this land only for agricultural purposes for at least five years from
the purchase [49]. The agricultural land area that one person can purchase in Hungary
is limited to 300 ha [20], and a maximum of 1200 ha of agricultural land can be in the
ownership of one farmer [49,52]. Corporations have no right to own land in Hungary, but
there are exceptions to this rule. It is not easy for a third-world person to obtain a farmer’s
qualification in Hungary.

In Poland, there is an obligation for a person from Poland or the EU to qualify as
a private farmer when purchasing agricultural land. A private farmer is a subject who
owns or uses a maximum of 300 ha of agricultural land and is registered to live in the local
municipality [49]. Purchasable agricultural land and already-owned land cannot exceed
300 hectares in Poland; although exceptions exist to this rule [49,53]. Persons not qualified
as private farmers must acquire approval from the National Support Centre for Agriculture
to purchase agricultural land in Poland.

A person from Latvia or another EU country must be registered to conduct business
there to acquire agricultural land in Latvia. A self-employed person must confirm in writing
that they will start agricultural activity there within one year of purchasing the land [49].
From 2017, a person cannot acquire more than 2000 hectares of land, and related persons
cannot acquire more than a further 4000 hectares of land [49,54]. A corporate body must
also prove that agricultural activities will commence on the purchased land and indicate
the actual profit recipients. Persons from third countries are not permitted to purchase land
in Latvia; although exceptions exist.
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In Lithuania, there are also restrictions on how much agricultural land can be acquired
and by whom. Similar to restrictions in Latvia, these are important to prevent further
agricultural land concentration [20]. In Lithuania, in the case of agricultural land purchase,
it is mandatory to prove that the person will use the land only for agricultural purposes
for at least the next five years [49]. A person cannot own more than 500 hectares of total
agricultural land in Lithuania [55]. Persons from third countries cannot acquire land
in Lithuania.

Estonia has no specific restrictions on acquiring agricultural land for citizens of Estonia
or the EU [56]. Corporate bodies from EU countries must be involved in agriculture in the
EU for at least three years prior to purchasing land in Estonia that exceeds 10 ha. Corporate
bodies must also be involved in agriculture to purchase agricultural land, and its affiliate
has to be registered in Estonia. Persons from third countries have the right to purchase
agricultural land in Estonia only with permission from the local government and provided
the person has lived in Estonia for at least six months [56].

4. Discussion

A growing population and an aim to decarbonise the economy mean that agricultural
land is in demand for a broader range of uses than ever before [57–59]. Agricultural land
is a unique asset exposed to pressure from non-agricultural uses, increasing demand for
food, energy and biomass. Agriculture is a significant source of greenhouse gases, and as
the world’s greenhouse gas levels continue to heighten, climate change is appearing much
quicker than foreseen [60,61]. There is a need for productive, yet sustainable, agriculture to
ensure future food security for the world’s increasing population [32,62]. The European
Green Deal and Sustainable Development Goals set some of the goals needed to move
towards sustainability [12,39,63,64]. Land is a finite resource, and more cannot be produced.
Growth in farm size is connected with a statistically significant decrease in fertilizer and
pesticide use per hectare, showing clear gains for environmental conservation [19]. Small
agricultural producers are the core of European agriculture, and increasing concentration
makes it harder for family farmers to access land.

The phenomenon of land concentration in the EU and many parts of the world is
one of the most severe land matters. This phenomenon started to emerge decades ago
and has recently accelerated. The ongoing agricultural land concentration affects Europe’s
small farms and hinterlands. Some EU countries have taken steps to prevent and reverse
agricultural land concentration. For example, Hungary, Poland, Latvia, and Lithuania have
adopted regulations against excessive land concentration and other undesirable patterns in
their land markets.

Utilised agricultural land area in Estonia has remained almost the same over 20 years
(871,213 to 975,323 ha) or grown a little. The number of farms diminished by almost five
times (from 55,748 to 11,369) within 20 years, while the area of agricultural land use per
farm grew five times (from 16 ha to 86 ha). While average land use per farm in Estonia
has grown, the agricultural land in Estonia has become progressively concentrated in legal
entities’ hands.

The whole number of farms in Estonia has diminished, and farms that have shut
down their activities are primarily in size groups 0–<2 ha (−264 producers) and 2–<40 ha
(−1869 producers). The most extensive increase in the number of farms between 2011 and
2020 appeared in the size group 100–<400 ha (486 producers).

Most of the self-employed were farming in size groups 0–<2 ha (77%) and 2–<40 ha
(57%) in 2020. Legal entities dominated in size groups over 40 ha. Some self-employed
farmed in size group 40–<100 ha (4%) and a few in 100–<400 ha (1%). Farmers in size
groups over 400 ha (100%) were legal entities. The largest portion of agricultural land
is concentrated in the usage of large corporate users in Estonia in Lääne-Viru and Järva
counties [32,65], in which the most fertile soils in Estonia are located. Therefore, the largest
concentration of agricultural land occurs in regions where soils are most fertile. This
phenomenon has also been seen elsewhere in the world.
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Agricultural development in Estonia is not favouring small-scale farming. Yet small
agricultural producers are preferable for environmental sustainability, protection of tra-
ditional values and economic flexibility [23]. One reason for the decline of small-scale
producers is that the CAP does not cater to the needs of small-scale farmers. Land users
with enormous domains receive more significant subsidies, which means they can obtain
more land. Secondly, large agricultural businesses are deluging markets with cheap food
and agricultural products. A situation has been created wherein small-scale agricultural
producers cannot compete in the marketplace.

It is indicated [66–70] that agricultural producers’ holdings will grow in the future,
with small farms disappearing. If small farms are not able to grow in size and acquire
more land (move to larger sized groups), they will not be able to survive. Larger and more
compatible agricultural producers will push them out of business, and agricultural land
will become even further concentrated. Small farms struggle to survive in the existing
market situation where large producers have a clear advantage. Thus, the State should step
in and regulate the agricultural land market so that small, medium and large producers
can coexist and operate under similar conditions.

The results of this paper indicate that the area of land ownership of large land users is
growing alongside the increase in land use area. This conclusion was made by analysing the
land ownership of the 49 largest land users. Further research on changes in landownership
is needed to make firm conclusions. Nonetheless, this paper indicates that land ownership is
concentrated beside land use, and this is a dangerous sign. Control over land is concentrated
increasingly in the hands of a small number of large corporations, and there is a need to
take action against this development in Estonia.

Like many other European countries, Estonia requires policy direction, strategy and
regulations for handling the agricultural land market to relieve the impact of land concen-
tration in remote areas in the long run [20]. Restrictions on acquiring agricultural land in
Estonia are necessary to stop further concentration and reverse the current situation, where
small and medium farms cannot compete with large corporate bodies. Small and medium
farms require more support from the State. The State should also create conditions for
newcomers entering the sector. Farmers have pointed out that they need support from the
State to acquire agricultural land [71].

An upper limit should be set on how much agricultural land one person, or related
persons, can own in Estonia to prevent further agricultural land concentration. To restrain
agricultural land from ending up in the possession of large business with no relation
to agriculture, a portfolio obligation to have a particular qualification for purchasing
agricultural land is also necessary in Estonia. A prior right of purchasing agricultural land
should be enacted to guarantee that newcomers and small farms can acquire the necessary
land. The possibility of fair market competition for all farming types should be assured.

Before setting restrictions on obtaining agricultural land, there is also a need to create
a clear structure of enterprises in Estonia to determine how much land one enterprise owns
or rents. Without this, grounds for the circumvention of restrictions are possible.

5. Conclusions

Circumstances regarding agricultural land concentration are similar in Estonia to other
post-socialist EU countries. The number of farms has dropped, and the agricultural land
area per farm has increased. Surviving farms are growing in size. The size of agricultural
holding plays an essential role in the environment, including in agricultural sustainability.
Small farms are disappearing, although these producers are believed to contribute more to
environmental sustainability, preservation of traditional values, and economic resilience
than large ones.

The Estonian case study showed that agricultural land use concentration is happening
along with land ownership concentration. A large area of land is already concentrated in
the ownership of a small number of large farms. Restrictions on acquiring agricultural land
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in Estonia are needed to restrain further concentration and reverse the current situation,
where small and medium farms cannot compete with large corporate bodies.

There is a need to regulate how much agricultural land one person or related persons
can own in Estonia. Agricultural land should be owned only by those who have a particular
qualification. A prior right of purchasing agricultural land should be enacted to guarantee
that newcomers and small farms can acquire the necessary land.

The direction of agricultural land use and ownership in Estonia is a topic for studies
and disputes over relevant regulations, potential limitations for possession and the usage of
pre-emptive rights. Measures concerning agricultural land concentration in Estonia should
be implemented in an interplay between agricultural producers and the government to
encourage green development. The balance between large agricultural producers and small
farms in Estonia must ensure that both farming types remain in fair market competition.
There is undoubtedly a need for transparency in the structure of enterprises in Estonia.
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Abstract: Forests play an important role in combating the challenges posed by changing climate through
sequestering carbon in their living biomasses and the soil. Tropical forests, which harbour a large number
of species, are anticipated to play a great role in this regard due to the favourable growing environments.
However, there is limited knowledge of the variability in carbon stock among land use types and its
relationship with biodiversity. Therefore, this study assessed the variability in storing the different carbon
pools among natural forest, woodland and khat plantation land use types. It also explored the relationship
between biodiversity and carbon storage in the different carbon pools. Plant inventory and sample
collection were undertaken following standard methods. In addition, soil samples were taken at three
depth profile classes of 0–30 cm (top layer), 30–60 cm (middle layer) and 60–100 cm (bottom layer). Results
of the study revealed that there was no statistically significant relationship between biodiversity and
total biomass carbon, soil organic carbon or total carbon stock at a 95% level of confidence. The results
indicated that the natural forest had the highest plant biomass (456.93 Mg ha−1) followed by woodland
(19.78 Mg ha−1) and khat plantation (2.46 Mg ha−1). Consequently, the total carbon stock estimate of the
natural forest (366.47 Mg ha−1) was significantly larger than that of the woodland (141.85 Mg ha−1) and
khat plantation (125.86 Mg ha−1). The variation in total carbon stock among land use types arises from
the variation in the total biomass carbon stock. The study results also revealed that soil organic carbon
stock decreased with soil depth in all the land-use types. The findings of this study have implication of
improving topsoil management in monoculture crops such as khat plantation and conserving natural
forests for enhancing carbon sequestration potentials.

Keywords: carbon stock; dry Afromontane forest; biodiversity; soil organic carbon; biomass carbon;
soil depth

1. Introduction

Climate change has posed tremendous challenges to the global environment. In
the past several decades, we have experienced many violent weather events that have
disrupted the lifestyle of communities across the world [1]. The prevalence of recurrent
floods, irregularity of rainfall, rising temperature and melting of ice have caused severe
infrastructure losses, agricultural yield reductions, infectious disease outbreaks, famine,
and loss of human life in different parts of the world [2–6]. Climate projections show that
the change will keep on imposing its multifaceted impacts unless it is quickly unabated.

International conventions on climate change have indicated the importance of using
mitigation measures to reduce such impacts. One of the most effective measures of miti-
gating climate change is managing forests due to their enormous potentials for regulating
the global environment [7]. Forests play a substantial role as carbon sinks to mitigate the
impacts of the changing climate [8,9]. Tropical forests, in particular, are more productive
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and cover a large part of the terrestrial ecosystem [10] that make them the focus of REDD+
(reducing emission from deforestation and forest degradation, plus the conservation and
enhancement of forest carbon stocks through sustainable forest management) mechanisms.
The United Nations initiative of the REDD+ mechanism has given attention to protect
tropical forests for they store a large amount of carbon in their biomass [10,11] and are
under continuous disturbance [12]. Tropical forests have faced problems of degradation
and conversion to other land uses. Consequently, the tropical forest carbon stock in South
America and Africa has been decreasing since 1990 [9]. This has been happening regardless
of the increasing importance of forest biomass due to its applications in renewable energy,
bio-based products development and reducing greenhouse gas emissions.

The extent of change on the carbon stock dynamics in the process of forest degradation
and conversion to other land-uses required detail studies, particularly in tropical forests
where the process is extensive [13]. Therefore, efforts have been made to quantify the
amount of carbon stock in forests and other land-use systems. Two broad categories of
carbon storage are measured in forest ecosystems; namely the biomass carbon pool and
the soil organic carbon (SOC) pool [14]. Carbon pool is a component of an ecosystem
that serves as a reservoir to accumulate or release carbon [14]. Thus, biomass carbon
pool is the component that stores carbon in the plant biomass through the process of
photosynthesis and releases it to the atmosphere when ecosystems are disturbed [15]. The
biomass component is further divided into aboveground biomass (AGB) and belowground
biomass (BGB) categories [14]. AGB is the weight of all living materials of plants above
the soil surface including the stem, stump, branches, bark, seeds and leaves [14]. The BGB
mainly refers to the dry weight of live roots [14]. Biomass of non-living plant components
such as litter and deadwood have the potential to store carbon too. Biomass plays a great
role in the global carbon balance [16]. Carbon stock, which is the quantity of carbon in a
carbon pool, was assessed in each of the carbon pools mentioned above.

Biodiversity conservation is a simultaneously important function of forests. Tropical forests,
particularly, harbour many species and support two-thirds of the world’s biodiversity [17]. On
the contrary, the recent increase in tropical deforestation and forest degradation has affected
biodiversity [17,18]. This was particularly true since REDD+ programs have a prime concern to
carbon stock enhancement rather than biodiversity conservation [19]. However, biodiversity
conservation should get similar attention to carbon stock enhancement. There is interest in
the possibility for carbon stock enhancement projects to incorporate biodiversity conservation
objectives. This needs information about the congruency of biodiversity conservation to carbon
stock enhancement. There is uncertainty in our understanding of the relationship between
carbon storage and biodiversity [20]. Studies are needed to understand the relationship between
carbon storage and biodiversity conservation in different land-use types. Field measurement of
carbon stock provides an accurate estimate of the different carbon pools and their contribution to
the total ecosystem carbon stock [21]. Therefore, the objectives of this study were to: (1) estimate
carbon stock in the various carbon pools in natural forest, woodland and khat plantation in
Wondo Genet sub-catchment, (2) explore the relationship between different components of
carbon stock and biodiversity, and (3) investigate the effect of soil depth on the SOC stock.

This study tried to test the following research hypothesis.

• There is no variation in mean carbon stock of the different carbon pools among natural
forest, woodland and khat plantation.

• Biodiversity does not have significant relationship with different components of carbon stocks.
• Soil depth does not have any effect on soil organic carbon stock.

2. Methods

This study assessed the variations in carbon stock potentials of different land use types
in one of the tropical ecosystems and compared them with biodiversity variables. The
methods used in this study are established methods for collecting and analysing carbon
stock and biodiversity data in various parts of the world. Therefore, standard methods for
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measuring tree, shrub, soils and plant characteristics and data analysis were adopted from
previous scientific works.

2.1. Study Area Description

The study was conducted in Wondo Genet sub-catchment, which used to be an intact
forest some decades ago [22]. The mountain ranges are sources of streams that drain to the
Chelekleka wetland and then to Lake Hawassa. Therefore, the catchment is an important
terrestrial ecosystem that connects tourism, agriculture, urban livelihoods and ecosystem
services including biodiversity conservation.

Wondo Genet sub-catchment is geographically located between 38◦56′ and 38◦73′ E longi-
tudes and between 7◦01′ and 7◦15′ N latitudes (Figure 1). The altitudinal range of the study
area is from 1770 to 2584 m above sea level. The dominant soil types in the sub-catchment are
Luvisols (Alfisols), Andosols (Andisols) and Nitisols (Kandic alfisols, Utisols and Inceptisols)
according to the FAO-UNESCO (and USDA) soil classification schemes, respectively [23]. The
area has bimodal rainfall with mean annual precipitation at Wondo Genet station of about
1200 mm. The main rainy season is from June to August, while small rains come between March
and April. The mean monthly temperature of the area ranges from 19 ◦C to 25 ◦C. The main
land-use types in the sub-catchment are natural forest, plantation forest, woodland, khat planta-
tion, sugarcane plantation, agriculture and settlements. The dominant tree species in the natural
forest and woodland land-use types include Celtis africana, Pouteria adolfi-friedericii, Acokanthera
schimperi, Albizia schimperiana, Millettia ferruginea, Combretum molle, Croton macrostachyus and
Afrocarpus falcatus. Although the forests provide multiple services to the local community, they
are under huge pressure due to illegal cutting of trees and land-use change for settlement and
expansion of monoculture plantations, particularly khat. Consequently, the rich biodiversity
in the Wondo Genet natural forest has dwindled in recent decades due to illegal logging and
conversion of the forests to monoculture of khat and sugarcane plantations [24,25].

Figure 1. Location of the study area and distribution of the field plots.
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2.2. Sampling Design

Stratified random sampling design was employed to collect the field data. A sketch
map of the land use types was derived from high-resolution Google Earth images supported
with field validation. The strata used for this study were dense remnant forest patches,
woodland and khat cultivated land uses. Ten samples were surveyed in the natural forest
and woodland while it was possible to collect seven samples in the khat plantations due to
restrictions to access the remaining three plots.

A nested plot design was used to collect data of the different carbon pools from each
sample plot location. The total tree height and diameter at breast height (i.e., at 1.3 m above
the ground) of individual trees ≥50 cm were measured in the sampling plots of 35 m × 35m
(1225 m2) area using hypsometer and calliper or diameter tape based on the size of the trees,
respectively. Shrubs and trees with smaller DBH (diameter at breast height), which is the
diameter at 1.3 m above the ground, were measured in the nested plots as indicated in Table 1.

Table 1. Size and shape of sampling plots for biophysical data collection.

Stem DBH (cm) Plot Size Components Measured

<5 2 m × 2 m Saplings
5–20 7 m × 7 m Small trees and shrubs

20–50 25 m × 25 m Medium size trees
>50 35 m × 35 m Big trees
— 0.5 m × 0.5 m (3 sub-plots per plot location) Grasses and litter
— Soil samples (3 sub-plots per plot location) Soil carbon and bulk density
— 100 m line intersect per plot with 10 m width Deadwood

In each of the sample plots in the natural forest and woodland, three subplots were
identified for grass, litter and soil sampling. These plots fall were established along
the diagonal of the big sample plot at an interval of 12 m. In each of the sub-plots,
the herbaceous plants were harvested, the litter separately sampled, and fresh weights
measured. Then, at each of the sub-plots, a soil profile was dug to collect soil samples for
bulk density and carbon content analysis. Soil samples were taken at three depth class of
0–30 cm, 30–60 cm and 60–100 cm.

Data regarding deadwood biomass was collected in the natural forest and woodland
sampling plots along a North–South transect line that passed through the plot centre. The
line had a length of 100 m (50 m on to the North and South directions). Deadwood found
within a width of 5 m on each side of the line was measured for diameter and length.
Besides, wood samples were brought to the laboratory for carbon fraction analysis.

2.3. Plant Diversity Analysis

The list and number of all woody plants was recorded during the field survey for
biodiversity assessment. Different biodiversity indicators were calculated to identify the
ones that better characterize carbon stock. Below are the equations for calculating the
diversity indices used in this study [26].

DS = 1− ∑s
i=1 ni(ni − 1)
N(N− 1)

(1)

H′ = −
s

∑
i=1

pi × ln(pi) (2)

R =
s√
N

(3)

where DS is Simpson’s index (entropy); H′ is Shannon–Weiner diversity index; R is the
species richness index; ni is the total number of individuals of one species (i); s is the
number of species; N is the total number of individuals of all the species; pi is the species
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abundance (proportion of the total number of individuals of a species from the community
or the probability that a given individual belongs to the species) and is calculated as pi =

ni
N .

2.4. Estimation of Tree and Shrub Biomass Carbon

Live biomass of trees and shrubs were estimated using non-destructive field survey
sampling and allometric equations. Tree AGB was estimated from DBH and tree height mea-
surements using the generalized biomass regression model for tropical forests suggested
by Chave, Réjou-Méchain [27].

ytree = 0.0673×
(
ρ×DBH2 ×H

)0.976
(4)

where ytree is the tree biomass (Kg); ρ is wood basic density (g cm−3); DBH is the diameter
at breast height (cm), and H is total tree height (m).

The wood basic density data of individual tree species were obtained from different
sources including the global wood density database [28] and ICRAF wood density database
(http://db.worldagroforestry.org/wd; accessed on 10 October 2022). Those tree species for
which we found local research findings, we used the basic wood density values from the
local research findings in Ethiopia [29–32].

The general model of shrub biomass estimation developed for Australia by [33] was
adopted for estimating AGB of shrubs and saplings.

ysh = 1.128× e(2.428×ln(D10)−3.007) (5)

where, ysh is the dry weight of the plant (kg); e is Euler’s number, which is a mathematical
constant approximately equal to 2.71828; D10 is diameter at 10 cm height.

The individual plant biomass in each sample plot (expressed in kg/m2) was converted
to plot-level AGBj (Mg ha−1) using Equation (6).

AGBj =
∑n

i=1 AGBi,j

aj
× 10, 000

1000
(6)

where AGBi,j is the aboveground biomass (kg) of a single tree or shrub (i) in plot j; n is the
number of measured trees or shrubs in sample plot j; and aj is the area of plot j in which the
tree or shrub was measured; factor 1000 is the conversion of sample units of kg to Mg, and
factor 10,000 is the conversion of the area in m2 to a hectare.

In addition to the AGB, BGB of woody plants is an important carbon pool for many
vegetation and land use types. Therefore, the amount of BGB was estimated from root-shoot
ratio estimates, which account for about 20–24% of the AGB in tropical forests based on
the amount of AGB (Cairns et al., 1997; Mokany et al., 2006). This conversion factor was
adopted since BGB estimation is more difficult and time-consuming than estimating AGB.
Equation (7) was used to calculate BGB of trees and shrubs based on Ponce-Hernandez
(2004) and Gibbs et al. (2007).

BGB =

{
0.20×AGB, for plots with AGB < 125 Mg ha−1

0.24×AGB, for plots with AGB ≥ 125 Mg ha−1
(7)

Carbon stock content in the total biomass (TB) of trees and shrubs was estimated
by multiplying the TB (i.e., the sum of AGB and BGB) by 0.47, which is a default carbon
fraction accepted by the international panel on climate change [34,35].

BCD = TB × 0.47 (8)

where BCD is the tree and/or shrub biomass carbon density (Mg ha−1).

118



Land 2022, 11, 2252

2.5. Biomass Carbon of Herbaceous Vegetation

For determining biomass carbon stock of herbaceous vegetation (which includes
different grass species and seedlings of trees or shrubs), samples collected using destructive
techniques were oven-dried at a temperature of 70 ◦C until constant weights were achieved.
Then, the oven-dried samples were ignited at 550 ◦C for three hours in a furnace for
carbon content determination. The ash was weighed and carbon fraction calculated. The
carbon stock of herbaceous vegetation samples at each sample plot j (HBCj, Mg ha−1) was
calculated using Equation (9), which was recommended by Pearson et al. (2005) [36].

HBCj =
∑3

i=1(
Wfield(i, j)

a × Wdry(i, j)
Wfresh(i, j)

)

3× 100
× cf (9)

where Wdry(i, j), Wfresh(i,j) and Wfield(i, j) are weights of the oven-dried sub-sample (ignited),
fresh sub-sample (ignited), and fresh sample (field sample) of the ith sample of the jth

sample plot, respectively; i is the index of the samples collected in the sampling plot j (1, 2
or 3); cf is the carbon fraction (%); and a is the area of the sampling quadrants, which was
0.25 m2 in this study.

2.6. Deadwood Carbon

Deadwood carbon was estimated by applying the general log volume estimation
technique using Smalian formula (Equation (10)), and converting the estimated volume to
biomass and then to carbon [37].

V = f
(

Ds2+Db2
)
∗L/2 (10)

where V = wood volume (m3), Ds = small diameter (cm), Db = large diameter (cm),
L = length (m), and f (i.e., adjustment factor) = 0.00007854.

The wood volume was converted to biomass of deadwood by multiplying it with the
density of the wood samples obtained from laboratory analysis [38] (Equation (11)).

DWC = V × ρ × cf (11)

where DWC is the deadwood carbon density (Mg ha−1), ρ is wood density (g m−3), and cf
is the carbon fraction.

2.7. Carbon Stock in Litter Biomass

Litter layer is defined as all dead organic surface material on top of the mineral soil.
It includes recognizable materials such as dead leaves, twigs, dead grasses and small
branches. Equation (9) was used to determine litter biomass carbon (LBC) stock. The total
dry weight was determined in the laboratory after oven drying of the sample. Oven-dried
samples were taken into pre-weighed crucibles. The samples were ignited at 550 ◦C for
one hour in a furnace. Then, the crucibles with ash were weighed and the percentage of
organic carbon was calculated.

2.8. Soil Organic Carbon Estimation

In this study, 81 soil samples were collected from three sub-plots in each of the
27 sample plots. At each of the soil sampling sites, a soil profile to a maximum depth
of 100 cm was dug depending on the presence of the impervious bedrock at a depth less than
100 cm. Samples were taken at three profile classes of 0–30 cm (top layer), 30–60 cm (middle
layer) and 60–100 cm (bottom layer). Three types of soil variables were measured; namely
depth, bulk density (calculated from the oven-dried weight of a known volume of sampled
soil), and the concentrations of organic carbon within the sample [36].

For bulk density assessment, undisturbed mineral soil samples were collected using a
core sampler and oven-dried at 105 ◦C for about 24 h until constant weights were attained.
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The soil bulk density was calculated as the ratio of the oven-dried weight of the soil sample
to the volume of the core sampler (Equation (12)).

Bulk density
( g

cm3

)
=

mass of oven − dried soil (g)
total volume(cm3)

(12)

A composite sample was created for each plot for chemical analysis. The Walkley and
Black [39] was used to determine organic carbon content after the samples were grounded and
passed through a 2 mm sieve. The SOC (Mg ha−1) at each soil profile class or the total SOC was
estimated as the product of organic carbon content (C, %), soil bulk density (ρ, kg cm−3) and
soil depth (d, cm) as shown in Equation (13) [36,40].

SOC = ρ × d × C (13)

Hence, the total SOC density at a sampling plot was obtained by summing up the
SOC of the soil profile depth classes.

2.9. Carbon Stock in Khat Plantation

We conducted plant density assessment in seven of the planned ten randomly selected
khat plantation sites. We found that the average spacing between khat plants in the plots
studied was 70 cm, which yields a stocking of 20,000 khat plants per hectare. We did
not get permission from the owners of the remaining three sites to collect samples. Thus,
14 khat plants were harvested in the seven sample plots and sorted into stem and root
sections. The fresh weight of the stem and root were measured separately. They were dried
and their carbon fractions analysed. Then, the carbon stock of the stem and root parts were
calculated using a modified form of Equation (9) [36].

KBC =
Wfield

a
×

Wdry(i, j)

Wfresh(i, j)
× 1

10, 000
× cf (14)

where KBC is khat biomass carbon (aboveground or belowground); Wdry(i, j), Wfresh(i,j) and
Wfield(i, j) are weights of the oven-dried sub-sample (ignited), fresh sub-sample (ignited),
and fresh sample (field sample) of the ith sample of the jth sample plot, respectively; i is the
index of the samples collected in the sampling plot j (1, 2 or 3); cf is the carbon fraction (%);
and a is the area of the sampling quadrants, which was 0.25 m2 in this study.

The aboveground and belowground biomass carbon stocks of the khat plants in the
same plot were averaged to get a typical estimate of aboveground khat biomass carbon
(AKBC) and belowground khat biomass carbon (BKBC) stocks. The AKBC and BKBC of
respective plots were added to obtain TBC of the khat plots.

2.10. Total Carbon Stock Estimation

The total carbon stock (TCS) at each sample plot was calculated by summing up the
carbon stock densities of the individual carbon pools in the plot. Accordingly, TCS was
estimated using Equation (15) [41].

TCS =

{
TBC + HBC + DWC + LBC + SOC; for natural forest and woodland

AKBC + BKBC + SOC; for khat plantation
(15)

2.11. Statistical Analyses

Shannon-Wiener, Simpson’s diversity and species richness indices were compared to
identify one index for discussing biodiversity in the land used types and its relationship
with carbon stock. Pearson’s correlation analysis was used to explore the relationship
between biodiversity and biomass carbon stock.

We used analysis of variance (ANOVA) test to study the effect of forest disturbance
or conversion to monoculture khat plantation on the carbon stock distribution. The fixed
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effects of land use (natural forest, woodland, and khat-cultivated land) on biomass and
carbon stock distribution in each carbon pool were compared. For those factors that
showed significant differences in biomass or carbon distributions, the mean estimates were
compared using the Tukey honestly significant difference (HSD) test (p = 0.05). ANOVA test
was also used to explore the effect of soil depth on mean estimates of SOC. Data analysis
was run in python programming language.

3. Results
3.1. Plant Diversity Indices

The three indices of plant diversity used in this study were strongly intercorrelated
(Table 2) suggesting the possibility to select one of them without causing a severe conse-
quence in the overall results. Therefore, we chose the Simpson’s index (Ds) in this paper
since it is strongly correlated to the commonly used Shannon–Wiener index (H’) and is a
standardized index that helps comparison of the results between land-use types.

Table 2. Pearson’s correlation coefficient between the three diversity indices used in the current study.

Shannon-Wiener Index (H’) Simpson’s Index (Ds)

Species richness (R) 0.947707 0.942293
Shannon-Wiener index (H’) — 0.979202

Results indicated that natural forest has higher diversity than woodland with mean
Ds of 0.84 and 0.76, respectively (Table 3). The khat plantation has Ds of zero since it is a
monoculture. Results of ANOVA test revealed that the mean Ds index among the land use
types were significant at 95% confidence level. However, multiple comparisons of the means
were assessed using the Tukey HSD test and showed that the mean diversity estimates of
forest and woodland were not significantly different. The uncertainty in the estimates of Ds
in the natural forest was less than that in the woodland indicating the presence of a more
diverse species and intact distribution around the average in the forest patches than those in
the woodland where the species diversity swings wider from the average.

Table 3. Mean (±standard error) of Ds of woody plants in three land-use types. Mean values followed
by the same letter did not differ significantly (Tukey HSD test, p > 0.05).

Land-Use Type Mean Ds

Natural forest 0.84 (±0.02) a

Woodland 0.76 (±0.05) a

Khat 0.00 (±0.00) b

Findings of correlation analysis indicated that there was no statistically significant rela-
tionship between biodiversity and TBC, SOC or TCS estimates at a 95% level of confidence
(Table 4).

Table 4. Correlation of Ds with total biomass carbon (TBC), soil organic carbon (SOC) and total
carbon stocks (TCS); all in Mg ha−1.

Sources of Carbon Correlation Coefficient p-Value

TBC 0.304 0.123
SOC 0.242 0.225
TCS 0.320 0.104

3.2. Biomass Distribution by Land Use Type

Table 5 shows that there was a distinct plant biomass distribution in the three land-use
types. The natural forest had the highest plant biomass (456.93 Mg ha−1) followed by
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woodland (19.78 Mg ha−1). Although the planting stock of khat was very dense at an
average spacing of 70 cm (i.e., 20,000 plants ha−1), its total biomass density was only
2.46 Mg ha−1. The mean plant biomass (sum of AGB and BGB) estimates of the plots in the
natural forest had larger standard error than the plots in the woodland and khat plantation.

Table 5. Mean plant biomass and its standard error among the different land-use types.

Land-Use Type Total Live Biomass (Mg ha−1) Standard Error of the Mean (Mg ha−1)

Natural forest 456.93 155.88
Woodland 19.78 6.29

Khat 2.46 0.59

3.3. Comparison of Carbon Stocks by Land Use Type

Estimates of carbon stock in different carbon pools by land-use types are shown in Table 6.
The mean TCS ranged from 125.86 Mg ha−1 in the khat plantation to 366.47 Mg ha−1 in the
natural forest. The results revealed that the proportion of carbon stock in the carbon pool
components vary among land-use types. The contribution of HBC and DWC to the TCS of
each land use type was not significant with less than 1% share of the TCS. More than half
(58.6%) of the carbon in the natural forest was contributed by the biomass of trees and shrubs
while the share of SOC was 40.8%. On the other hand, the share of SOC was more than 92%
and 99% of the TCS of woodland and khat plantation, respectively.

Table 6. Mean carbon stock (Mg ha−1) and percentage contribution (values in brackets) in each
carbon pool component and land-use class. Percentage contributions of the soil organic carbon (SOC),
total biomass carbon (TBC), litter biomass carbon (LBC), herbaceous vegetation biomass carbon
(HBC) and deadwood carbon (DWC) were calculated for each land-use type. The TCS varies between
natural forest and other land-uses at a significance level of 0.05.

Land Use Type SOC TBC LBC HBC DWC TCS

Natural forest 149.57 (40.80) 214.76 (58.60) 1.33 (0.36) 0.40 (0.11) 0.41 (0.11) 366.47 a

Woodland 130.53 (92.02) 9.30 (6.60) 1.56 (1.10) 0.46 (0.30) 0.00 (0.00) 141.85 b

Khat 124.70 (99.10) 1.16 (0.90) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 125.86 b

The share of different carbon pool components in the TCS was significantly different
among the land use types at 0.05 level of significance.

3.4. SOC Distribution across Soil Depth Classes

The biomass carbon stock from woodland and khat plantation was very small (Table 5),
particularly as compared to the SOC stocks. The study has shown that most of the TCS of these
land-use types came from the SOC. Therefore, we explored the variability of SOC across the
soil depths and land use types. Figure 2 shows the vertical distribution and statistical variation
of SOC stock by land-use types. The results revealed that SOC stocks did not significantly
vary by land-use type. However, SOC stocks vary significantly among soil depth classes at
0.05 level of significance. The uncertainty in SOC stock estimates in the sample plots of the
natural forest was the largest while that in the woodland was the smallest.
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Figure 2. Mean SOC stock of each land use type across the depth classes.

Multiple pairwise comparison of means using Tukey HSD test indicated that the SOC
at the top layer was significantly different from that at the middle and bottom layers (see
Table 7) at 0.05 level of significance.

Table 7. Multiple comparison of means, level of significance = 0.05.

Group1 Group2 Mean Difference Adjusted p-Value Lower Upper Reject (Decision)

Bottom Middle 8.4329 0.1499 −2.2491 19.1149 False
Bottom Top 41.4862 0.001 30.8042 52.1682 True
Middle Top 33.0533 0.001 22.3713 43.7353 True

4. Discussion
4.1. Relationship between Biodiversity and Carbon Stock

Assessing biodiversity, which is an indicator of the stability of an ecosystem, is useful
for understanding the status of a vegetation ecosystem [42]. Three of the biodiversity indices
used in this study were strongly intercorrelated and hence Simpson’s diversity index was
selected for further analysis since it has standardised values suited for comparison across
land-use types (Table 2). As expected, the Simpson’s diversity index of khat plantation was
significantly lower than that of the natural forest and woodland since it was covered with a
single species only (Table 3). However, the estimates of mean Simpson’s diversity index
for natural forest and woodland were not significantly different from each other (Table 4).
This might indicate the level of disturbance in the form of illegal logging of economically
important tree species and illegal settlement in the natural forest, which contribute to
reducing the woody plant species diversity [24].

Correlation analysis of Simpson’s diversity index with TBC, SOC and TCS revealed that
plant diversity has a positive relationship with the different carbon stock values implying
the potential of improved biodiversity for enhancing carbon sequestration (Table 4), which
is in agreement with the findings of Strassburg, Kelly [43]. However, the relationship was
not statistically significant at 95% confidence level. Hence, diversity indices did not explain
the variability in biomass carbon, SOC or TCS in this study. The absence of a statistically
significant difference is in line with other studies [19,44,45].
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The study results indicated that the natural forest had considerably higher biomass
than the woodland and khat plantation (Table 5). The high biomass distribution in the
natural forest might be attributed to the fact that fuelwood collectors from the northern
part of the catchment have a topographic barrier that restricted them from easily accessing
to the site [22]. Similarly, government institutions such as Wondo Genet College of Forestry
and Natural Resources protected the remnant forest patches in the gorges and saved big
trees from illegal loggers. The higher standard error in the biomass estimates reveals this
phenomenon (Figure 2). The high variability in the biomass distribution of the natural
forest shows the heterogeneity in the growing environment (Figure 1) mainly due to
topography [22]. The natural forests of Wondo Genet sub-catchment accumulate relatively
similar TB to the findings in a dry Afromontane forest in Awi Zone of northwestern
Ethiopia [46].

4.2. Carbon Pools and Their Contribution to the Total Carbon Stock

The research findings indicated that herbaceous vegetation and deadwood biomass had
a very small contribution to the TCS estimates in each of the land use types under study
(Table 6). The small biomass of herbaceous vegetation could be related to forest degradation
due to traditional fire and illegal grazing on the undergrowth vegetation [24,47]. The intensive
firewood collection because of easy access from the nearby towns and villages might be
responsible for the small deadwood biomass stock in the natural forest and woodland. A
similar result was observed in Pakistan [48]. In the natural forest and woodland land-use
types, total biomass carbon of trees and shrubs and SOC were important in determining the
TCS. The small contribution of litter biomass carbon to the TCS might be related to the extent
of disturbance as observed in Taita Hills forests of Kenya in the study by Wekesa, Leley [49].
There has been frequent forest fires that could remove the litter layer [47]. Almost all of the
TCS of the khat plantation came from the SOC. Examination of the variability in mean TCS
estimates revealed that land use was the main factor influencing the TCS distribution. The
mean estimates of TCS in the natural forests of Wondo Genet sub-catchment were higher than
that of the woodland and khat plantation. The estimated TCS of the natural forest agreed with
the findings by Addi et al. [50] in the moist Afromontane Gesha-Sayilem forest, which had a
TCS of 362.4 Mg ha−1, and that by Gebeyehu et al. [46] in the dry Afromontane forests in Awi
Zone. This large TCS in the natural forest could be attributed to the presence of big trees in
the gorges where moisture and nutrients are abundant (Table 6). Biomass carbon component
was responsible for the differences in TCS among the land use types. Generally, the natural
forest in Wondo Genet sub-catchment stores considerably large amount of carbon and plays
an important role in mitigating the challenges of climate change.

4.3. Soil Organic Carbon in Different Land Uses and Its Variability across Depth Classes

The study results indicated that there was more SOC at the top layer in the natural
forest than in the woodland and khat plantation (Table 6). This could be related to the level
of disturbance in the land use types. The natural forest is relatively less disturbed and has
more inflow of organic matter that increased the SOC at the top layer. The uncertainty in
estimates of SOC at the top layer in the sample plots of the natural forest was also larger
than that of the woodland and khat plantation (Figure 2), which might be associated with
the topographic variation that resulted in microclimate variability and soil organic matter
distribution. More SOC accumulates in the gorges while ridges have low SOC. However,
the differences in SOC levels among the land use types were not statistically different
(Figure 2). This shows the stability of SOC among land-use types. Among the variables
explored in this study, only soil depth was the main factor that explained the variability in
mean SOC estimates in the current study (Figure 2; Table 7). The topsoil had significantly
larger SOC than the middle and bottom layers, the latter of which were not statistically
distinct from each other (Table 7).
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5. Conclusions

A weak linear relationship that exists between biodiversity metrics and carbon stock
variables implies the feasibility of any forest type for carbon sequestration projects regardless
of the diversity of species.

There was no statistically significant correlation between TBC, SOC and TCS and the
selected biodiversity indicator in this study. Although existing literature supported the
results, the study had a small sample size and limited geographic coverage to generalize
about the actual relationship of biodiversity and the different carbon pools. We recommend
further investigation in a wider geographic area with a larger sample size to generalize the
findings in this study.

The SOC and TBC contributed to a large part of the TCS estimates for each of the
land-use types used in this study. The SOC was consistent in all the land use types making
it a stable carbon pool that serves as a sink of organic carbon. In addition to the SOC, a
large proportion of the TCS in the natural forest was contributed by the TBC in trees and
shrubs. Forest degradation and conversion to cash crop production systems such as khat
plantation affect the carbon budget significantly. Therefore, REDD+ projects should focus
on afforestation and sustainable forest management to sequester carbon in the woody plant
biomass. On the other hand, the proportion of HBC, DWC and LBC were insignificant.
Thus, carbon monitoring projects, particularly in dense forest ecosystems; need to focus on
accounting for the biomass carbon in trees and shrubs as well as the SOC.

As an important carbon pool, the SOC has a significant contribution to the TCS in each
land-use type. The topsoil profile has large SOC stock irrespective of the land use types.
Although the variation was not significant, the results indicated that the natural forest has
a higher SOC in the topsoil layer than the other land-use types. The estimated SOCs of the
land use types were inseparable in the lower soil layers. This has implication of maintaining
appropriate topsoil management to enhance carbon accumulation in the soil.

Author Contributions: H.T.: Conceptualization, Methodology, Software, Data gathering, Formal
analysis, Investigation, Validation, Writing original draft preparation, Review and Editing; M.N. and
T.G.: Review and Editing. G.T.A.: Conceptualization, Resource, Validation, Review and Editing, and
acquisition of APC. All authors have read and agreed to the published version of the manuscript.

Funding: Gebiaw T. Ayele covered the APC and received funding from Griffith Graduate Research
School, the Australian Rivers Institute and School of Engineering, Griffith University, Queensland,
Australia. The UK Aid from the UK government has funded this research; however, the views
expressed do not necessarily reflect the UK government’s official policies.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are presented in tables and figures in the manuscript.

Acknowledgments: The UK Aid from the UK government has funded this research; however, the
views expressed do not necessarily reflect the UK government’s official policies. The technical and
logistics support from the CIRCLE programme of the African Academy of Sciences was tremendous.
We would like to thank Addis Ababa and Hawassa universities for the support we got throughout
the research process. We are indebted to gratitude all the members of the field crew who participated
in the fieldwork for their honest contribution. Gebiaw T. Ayele received funding and acknowledges
Griffith Graduate Research School, the Australian Rivers Institute and School of Engineering, Griffith
University, Queensland, Australia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Codjoe, S.N.A.; Atiglo, D.Y. The implications of extreme weather events for attaining the sustainable development goals in

sub-Saharan Africa. Front. Clim. 2020, 2, 592658. [CrossRef]
2. Zhao, C.; Liu, B.; Piao, S.; Wang, X.; Lobell, D.B.; Huang, Y.; Huang, M.T.; Yao, Y.T.; Bassu, S.; Ciais, P.; et al. Temperature increase

reduces global yields of major crops in four independent estimates. Proc. Natl. Acad. Sci. USA 2017, 114, 9326–9331. [CrossRef]
[PubMed]

125



Land 2022, 11, 2252

3. Wu, X.; Lu, Y.; Zhou, S.; Chen, L.; Xu, B. Impact of climate change on human infectious diseases: Empirical evidence and human
adaptation. Environ. Int. 2016, 86, 14–23. [CrossRef] [PubMed]

4. Schweikert, A.; Chinowsky, P.; Espinet, X.; Tarbert, M. Climate change and infrastructure impacts: Comparing the impact on
roads in ten countries through 2100. Procedia Eng. 2014, 78, 306–316.

5. Schlenker, W.; Lobell, D.B. Robust negative impacts of climate change on African agriculture. Environ. Res. Lett. 2010, 5, 14010.
[CrossRef]

6. Filho, W.L.; Balogun, A.-L.; Ayal, D.Y.; Bethurem, E.M.; Murambadoro, M.; Mambo, J.; Taddese, H.; Tefera, G.W.; Nagy, G.J.;
Fudjumdjum, H.; et al. Strengthening climate change adaptation capacity in Africa-case studies from six major African cities and
policy implications. Environ. Sci. Policy 2018, 86, 29–37. [CrossRef]

7. Arce, J.J.C. Forests, inclusive and sustainable economic growth and employment. In Background Study Prepared for the Fourteenth
Session of the United Nations Forum on Forests; United Nations: New York, NY, USA, 2019.

8. Canadell, J.G.; Raupach, M.R. Managing forests for climate change mitigation. Science 2008, 320, 1456–1457.
9. Köhl, M.; Lasco, R.; Cifuentes, M.; Jonsson, Ö.; Korhonen, K.T.; Mundhenk, P.; de Jesus Navar, J.; Stinson, G. Changes in forest

production, biomass and carbon: Results from the 2015 UN FAO Global Forest Resource Assessment. For. Ecol. Manag. 2015, 352,
21–34.

10. Lewis, S.L.; Lopez-Gonzalez, G.; Sonké, B.; Affum-Baffoe, K.; Baker, T.R.; Ojo, L.O.; Phillips, O.L.; Reitsma, J.M.; White, L.;
Comiskey, J.A.; et al. Increasing carbon storage in intact African tropical forests. Nature 2009, 457, 1003–1006. [CrossRef]

11. Baccini, A.; Goetz, S.; Walker, W.S.; Laporte, N.T.; Sun, M.; Sulla-Menashe, D.; Hackler, J.L.; Beck, P.S.A.; Dubayah, R.O.;
Friedl, M.A.; et al. Estimated carbon dioxide emissions from tropical deforestation improved by carbon-density maps. Nat. Clim.
Change 2012, 2, 182–185. [CrossRef]

12. Kim, D.-H.; Sexton, J.O.; Townshend, J.R. Accelerated deforestation in the humid tropics from the 1990s to the 2000s. Geophys. Res.
Lett. 2015, 42, 3495–3501. [CrossRef] [PubMed]

13. Zeppetello, L.R.V.; Parsons, L.A.; Spector, J.T.; Naylor, R.L.; Battisti, D.S.; Masuda, Y.J.; Wolff, N.H. Large scale tropical deforesta-
tion drives extreme warming. Environ. Res. Lett. 2020, 15, 84012. [CrossRef]

14. Aalde, H.; Gonzalez, P.; Gytarsky, M.; Krug, T.; Kurz, W.A.; Lasco, R.D.; Martino, D.L.; McConkey, B.G.; Ogle, S.; Paustian, K.; et al.
Generic methodologies applicable to multiple land-use categories. IPCC Guidel. Natl. Greenh. Gas Invent. 2006, 4, 1–59.

15. Cannell, M. Growing trees to sequester carbon in the UK: Answers to some common questions. Forestry 1999, 72, 237–247.
[CrossRef]

16. Houghton, R.A.; Hall, F.; Goetz, S. Importance of biomass in the global carbon cycle. J. Geophys. Res. Biogeosci. 2009, 114, 935.
[CrossRef]

17. Giam, X. Global biodiversity loss from tropical deforestation. Proc. Natl. Acad. Sci. USA 2017, 114, 5775–5777.
18. Riswan, S.; Hartanti, L. Human impacts on tropical forest dynamics. Vegetatio 1995, 121, 41–52.
19. Mandal, R.A.; Dutta, I.C.; Jha, P.K.; Karmacharya, S. Relationship between carbon stock and plant biodiversity in collaborative

forests in Terai, Nepal. Int. Sch. Res. Not. 2013, 2013, 625767. [CrossRef]
20. Chisholm, R.A.; Muller-Landau, H.; Rahman, K.A.; Bebber, D.P.; Bin, Y.; Bohlman, S.A.; Bourg, N.; Brinks, J.; Bunyavejchewin, S.;

Butt, N.; et al. Scale-dependent relationships between tree species richness and ecosystem function in forests. J. Ecol. 2013, 101,
1214–1224. [CrossRef]

21. Pitkänen, T.P.; Raumonen, P.; Liang, X.; Lehtomäki, M.; Kangas, A. Improving TLS-based stem volume estimates by field
measurements. Comput. Electron. Agric. 2021, 180, 105882. [CrossRef]

22. Dessie, G.; Kleman, J. Pattern and magnitude of deforestation in the South Central Rift Valley Region of Ethiopia. Mt. Res. Dev.
2007, 27, 162–168.

23. Amare, T.; Hergarten, C.; Hurni, H.; Wolfgramm, B.; Yitaferu, B.; Selassie, Y.G. Prediction of soil organic carbon for Ethiopian
highlands using soil spectroscopy. Int. Sch. Res. Not. 2013, 2013, 720589. [CrossRef]

24. Dessie, G.; Kinlund, P. Khat expansion and forest decline in Wondo Genet, Ethiopia. Geogr. Ann. Ser. B Hum. Geogr. 2008, 90,
187–203.

25. Kebede, M.; Yirdaw, E.; Luukkanen, O.; Lemenih, M. Plant community analysis and effect of environmental factors on the
diversity of woody species in the moist Afromontane forest of Wondo Genet, South Central Ethiopia. Biodivers. Res. Conserv. 2013,
29, 63. [CrossRef]

26. Peet, R.K. The measurement of species diversity. Annu. Rev. Ecol. Syst. 1974, 5, 285–307.
27. Chave, J.; Réjou-Méchain, M.; Búrquez, A.; Chidumayo, E.; Colgan, M.S.; Delitti, W.B.; Duque, A.; Eid, T.; Fearnside, P.M.;

Goodman, R.C.; et al. Improved allometric models to estimate the aboveground biomass of tropical trees. Glob. Change Biol. 2014,
20, 3177–3190.

28. Zanne, A.E.; Lopez-Gonzalez, G.; Coomes, D.A.; Ilic, J.; Jansen, S.; Lewis, S.L.; Miller, R.B.; Swenson, N.G.; Wiemann, M.C.;
Chave, J. Data from: Towards a worldwide wood economics spectrum. Dryad Dataset 2009. [CrossRef]

29. Belete, Y.; Abere, F.; Kebede, B.; Soromessa, T. Nondestructive Allometric Model to Estimate Aboveground Biomass: An
Alternative Approach to Generic Pan-Tropical Models. 2019. Available online: https://ssrn.com/abstract=3475959 (accessed on
11 October 2022).

126



Land 2022, 11, 2252

30. Desalegn, G.; Teketay, D.; Gezahgne, A.; Abegaz, M. Commercial Timber Species in Ethiopia: Characteristics and Uses. A Handbook, for
Forest Industries, Construction and Energy Sectors, Foresters and Other Stakeholders; Addis Ababa University Press: Addis Ababa,
Ethiopia, 2012.

31. Tadesse, G.; Zavaleta, E.; Shennan, C. Effects of land-use changes on woody species distribution and above-ground carbon storage
of forest-coffee systems. Agric. Ecosyst. Environ. 2014, 197, 21–30. [CrossRef]

32. Tetemke, B.A.; Birhane, E.; Rannestad, M.M.; Eid, T. Allometric models for predicting aboveground biomass of trees in the dry
afromontane forests of Northern Ethiopia. Forests 2019, 10, 1114. [CrossRef]

33. Paul, K.I.; Roxburgh, S.H.; Chave, J.; England, J.R.; Zerihun, A.; Specht, A.; Lewis, T.; Bennett, L.T.; Baker, T.G.; Adams, M.A.; et al.
Testing the generality of above-ground biomass allometry across plant functional types at the continent scale. Glob. Change Biol.
2016, 22, 2106–2124. [CrossRef]

34. IPCC (International Panel on Climate Change). 2006 IPCC Guidelines for National Greenhouse Gas Inventories; Prepared by the
National Greenhouse Gas Inventories Programme; Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K., Eds.; IGES:
Kanagawa, Japan, 2006.

35. McGroddy, M.E.; Daufresne, T.; Hedin, L.O. Scaling of C: N: P stoichiometry in forests worldwide: Implications of terrestrial
redfield-type ratios. Ecology 2004, 85, 2390–2401.

36. Pearson, T.; Walker, S.; Brown, S. Sourcebook for Land Use, Land-Use Change and Forestry Projects; World Bank: Washington, DC,
USA, 2013.

37. Prodan, M. Holzmesslehre; JD Sauerlander: Frankfurt am Main, Germany, 1965.
38. Brown, S.; Lugo, A.E. Aboveground biomass estimates for tropical moist forests of the Brazilian Amazon. Interciencia Caracas

1992, 17, 8–18.
39. Walkley, A.; Black, I.A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification

of the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [CrossRef]
40. Kauffman, J.B.; Donato, D.C. Protocols for the Measurement, Monitoring and Reporting of Structure, Biomass and Carbon Stocks in

Mangrove Forests; Citeseer: Bogor, Indonesia, 2012; Volume 86.
41. Pearson, T.R. Measurement Guidelines for the Sequestration of Forest Carbon; U.S. Department of Agriculture, Forest Service, Northern

Research Station: Madison, WI, USA, 2007; Volume 18.
42. Brown, E.D.; Williams, B.K. Ecological integrity assessment as a metric of biodiversity: Are we measuring what we say we are?

Biodivers. Conserv. 2016, 25, 1011–1035.
43. Strassburg, B.B.; Kelly, A.; Balmford, A.; Davies, R.G.; Gibbs, H.K.; Lovett, A.; Miles, L.; Orme, C.D.L.; Price, J.; Turner, R.K.; et al.

Global congruence of carbon storage and biodiversity in terrestrial ecosystems. Conserv. Lett. 2010, 3, 98–105. [CrossRef]
44. Choliq, M.L.; Kaswanto, R. Correlation of carbon stock and biodiversity index at the small scale agroforestry landscape in

Ciliwung Watershed. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2017.
45. Filqisthi, T.A.; Kaswanto, R.L. Carbon stock and plants biodiversity of pekarangan in Cisadane watershed West Java. In IOP

Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2017.
46. Gebeyehu, G.; Soromessa, T.; Bekele, T.; Teketay, D. Carbon stocks and factors affecting their storage in dry Afromontane forests

of Awi Zone, northwestern Ethiopia. J. Ecol. Environ. 2019, 43, 7.
47. Kim, D.-G.; Taddese, H.; Belay, A.; Kolka, R. The impact of traditional fire management on soil carbon and nitrogen pools in a

montane forest, southern Ethiopia. Int. J. Wildland Fire 2016, 25, 1110–1116. [CrossRef]
48. Ali, A.; Ashraf, M.I.; Gulzar, S.; Akmal, M. Estimation of forest carbon stocks in temperate and subtropical mountain systems of

Pakistan: Implications for REDD+ and climate change mitigation. Environ. Monit. Assess. 2020, 192, 198. [CrossRef]
49. Wekesa, C.; Leley, N.; Maranga, E.; Kirui, B.; Muturi, G.; Mbuvi, M.; Chikamai, B. Effects of forest disturbance on vegetation

structure and above-ground carbon in three isolated forest patches of Taita Hills. Open J. For. 2016, 6, 142–161.
50. Addi, A.; Demissew, S.; Soromessa, T.; Asfaw, Z. Carbon stock of the moist Afromontane forest in Gesha and Sayilem Districts in

Kaffa Zone: An implication for climate change mitigation. J. Ecosyst. Ecograph. 2019, 9, 1–8.

127



Citation: Addisie, M.B.; Molla, G.;

Teshome, M.; Ayele, G.T. Evaluating

Biophysical Conservation Practices

with Dynamic Land Use and Land

Cover in the Highlands of Ethiopia.

Land 2022, 11, 2187. https://doi.org/

10.3390/land11122187

Academic Editors: Kleomenis

Kalogeropoulos, Andreas Tsatsaris,

Nikolaos Stathopoulos, Demetrios E.

Tsesmelis, Nilanchal Patel and Xiao

Huang

Received: 3 November 2022

Accepted: 30 November 2022

Published: 2 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Evaluating Biophysical Conservation Practices with Dynamic
Land Use and Land Cover in the Highlands of Ethiopia
Meseret B. Addisie 1, Gashaw Molla 2, Menberu Teshome 3 and Gebiaw T. Ayele 4,*

1 Guna Tana Integrated Field Research and Development Center, Debre Tabor University,
Debre Tabor P.O.Box 272, Ethiopia

2 Department of Geography and Environmental Studies, Bahir Dar University, Bahir Dar P.O.Box 79, Ethiopia
3 Department of Geography and Environmental Studies, Debre Tabor University,

Debre Tabor P.O.Box 272, Ethiopia
4 Australian Rivers Institute, School of Engineering and Built Environment, Griffith University,

Nathan, QLD 4111, Australia
* Correspondence: gebiaw.ayele@griffithuni.edu.au or gebeyaw21@gmail.com

Abstract: Ethiopia is one of the sub-Saharan countries affected by land degradation, notably by
soil erosion. The government of Ethiopia has launched an extensive biophysical soil and water
conservation (SWC) effort each year to address the problem. These practices were installed on
varying land use and land cover (LULC) systems. Despite the fact that the interventions covered
the majority of the landmasses, there were no quantitative data on the scale of biophysical measures
with the change in land use and land cover. Therefore, the objective of this study was to evaluate
biophysical conservation practices with dynamic land use and land cover in the highlands of Ethiopia.
The study focused on districts of the Amhara regional state’s South Gondar zone. A mixed research
methodology was employed to gather pertinent data for the study. The dynamics of LULC were
analyzed using satellite images acquired between 1990 and 2020. Biophysical conservation measures’
data and qualitative information were collected from the zonal office of agriculture. Twelve years’
worth of biophysical SWC measures data were used for the study. The results indicate that cultivated
land makes up the majority of land use and land cover. Bunds built on cultivated land account for
93% of conservation practices. During the study period, there was a significant decline of biophysical
conservation practices implementation in each district. Although plantation was used on a wider scale,
it was unable to sustain physical SWC practices or expand forest cover in the region. In addition, lack
of integrated maintenance for early installed structures decreases the effectiveness of SWC measures.
In conclusion, the dynamics of LULC have a significant impact on the magnitude of biophysical
conservation measures. Therefore, watershed managers shall consider the spatio-temporal variation
of LULC while planning conservation practices.

Keywords: land degradation; land use land cover; biophysical measures; maintenance; sustainability

1. Introduction

Land degradation is the most serious problem in sub-Saharan African countries,
including Ethiopia. Land degradation in the form of soil erosion and soil fertility depletion
has profound implications for agricultural gross domestic productivity for low-income
countries [1–3]. People have been harming the environment for short-term gain despite
the long-term benefits of sustainable management of natural resources. This goes against
the idea of sustainable development goals, which guarantee that future generations will be
able to utilize the same resources. For the vast majority of Ethiopians, natural resources
(soil, water, and forests) are their primary means of subsistence. Natural resources are
frequently degraded at the expense of being used to supply the rising demand for food.
The deterioration of these resources has resulted in reduced agricultural productivity, poor
environmental condition, and a subsequent decline in quality of life. The largest share of the
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land use is under agriculture. The cumulative actions on cultivated land have eventually
resulted in land degradation [4]. Uncontrolled population growth, inappropriate farming
systems, and poor land management practices exert pressure on the existing natural
resource base [5,6].

Land degradation is largely associated with land use and land cover (LULC) changes.
Studies have been reported to demonstrate the occurrences, causes, and effects of land
degradation in various regions of Ethiopia [7–9]. Ethiopia relies on a variety of biological
resources for its socioeconomic development, particularly its forests. However, there is
currently an enormous strain on these resources. As the population is dependent on
agricultural expansion and the clearing of forests and vegetated areas, deforestation is
a key cause of land use change. Research findings indicated that factors contributing to
unsustainable resource management are clearance of forests for agricultural expansion and
the absence of energy-saving alternative technologies. In addition, free grazing practices
are also a major source of land degradation. Both clearance of vegetated areas and poor
livestock management resulted in accelerated run-off, decreased groundwater recharge,
increased sediment load on rivers, siltation of reservoirs, increased flood frequency, and
damage to the aquatic environment. Out of the 60 million ha of fertile agricultural land
in the Amhara regional state, the assessment in [10] states that around 27 million ha are
severely eroded, 14 million ha are seriously degraded, and more than 2 million ha are
beyond reclamation. In order to prevent problems, a thorough degraded area restoration
practice was required.

In the 1970s and 1980s, the Ethiopian government began implementing natural re-
source conservation measures in the highlands as a reaction to the issue of land degradation
(Shiferaw and Holden, 1998). At this time, physical construction was the primary focus of
the soil and water conservation (SWC) efforts. Hurni [11] set up experimental watersheds
all over Ethiopia and observed soil erosion and discharge before and after implementation
to determine the efficacy of these techniques. The research revealed that hillside SWC
methods were successful in reducing soil losses in the first five years following implemen-
tation [12,13]. After following the construction of conservation structures for ten years,
Guzman [14] conducted a new analysis of their efficacy and discovered that SWC measures
had become ineffective. Physical measures being ineffectual, a strong recommendation is
made for integration with biological measures. Hence, biophysical techniques are essential
for land rehabilitation operations in a sustainable manner.

The South Gondar zone (SGZ) is one of the most degraded areas in the Amhara
regional state. This zone has experienced rapid land use and land cover change. In contrast
to other parts of Ethiopia, SGZ has a number of unproductive areas and degraded lands.
The main reasons for the degradation of natural resources include soil erosion, poor grazing
management, and deforestation. To address these problems, the zonal agricultural office
has been practicing different land reclamation interventions using biophysical measures.
The zone utilizes an integrated approach that is implemented at a watershed scale. The
interventions aimed to improve social and environmental protection, decrease runoff and
soil erosion, boost land production, and sustainably restore damaged ecosystems. The
community-based participation that was used in the development interventions supports
the empowerment of the community to manage shared resources. However, the link
between such efforts and the changes in LULC has not been well-studied in the past.
Therefore, the main objective of this paper is to document the spatial and temporal dynamics
of development interventions in the South Gondar zone from 2011 to 2022. The study area
was selected because it is an appropriate location where different biophysical conservation
efforts have been made for a long time.

2. Materials and Methods
2.1. Study Area

Geographically, South Gondar zone is situated between 11◦02′16′ ′ and 12◦32′22′ ′ N
latitude and 37◦25′35′ ′ and 38◦43′50′ ′ E longitude (Figure 1). The zone covers a total area
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of 14,064 km2. South Gondar is bordered by zones in the Amhara regional state, including
Gondar on the north, East Gojjam on the south, North Wollo on the east, Lake Tana on
the west, West Gojjam on the southwest, Wag Hemra on the northeast, and South Wollo
on the southeast. The major rainy season lasts between June and September in the study
area, with July and August being the wettest months. The rainfall varies between 900 mm
and 1599 mm, with an average annual rainfall of 1300 mm. The dominant soil types are
Eutric nitisols, followed by Orthic luvisols and Haplic xerosols [9]. Mixed farming practices,
including crop production and animal husbandry, are the dominant livelihood options
of the people. The farming system is characterized by smallholder subsistence farming
that depends on rain-fed traditional oxen-driven agriculture. The zone is characterized
by high soil erosion; hence, large-scale soil and water conservation practices have been
implemented since 2011 through government-sponsored campaigns.
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2.2. Data Collection and Analysis
2.2.1. Land Use Land Cover

Five LULC types were extracted from Landsat Images of the United States Geological
Survey (USGS) in the study landscape with three reference years, i.e., 1990, 2005, and 2020.
The years were selected by taking into account the years of the new regime change and
land redistribution, the years of conservation measures practiced, and the availability of
satellite images. In order to avoid seasonal variability, the classified images were acquired
after crop harvesting, which is the time the dry season started, namely February and March.
In this season, the cloud cover is minimal, in order to assure similar phenology (Table S1).
Three types of imagery were used for image classification, i.e., Landsat 8 Operational Land
Imager/Thermal Infrared Sensor (OLI/TIRS) (30 m), Landsat-7 Enhanced Thematic Mapper
Plus (ETM+) (30 m), and Landsat 5 Enhanced Thematic Mapper (ETM) derived from the
USGS Landsat Archive (http://earthexplorer.usgs.gov/ accessed on 31 August 2020) for
the years 2020, 2005, and 1990, respectively (Table S1). Preprocessing of the images was
performed before the actual image classification. Supervised classification with a maximum
likelihood algorithm was applied to obtain land use/cover information, using ERDAS
IMAGINE 2015 software. This method uses selected training samples to categorize pixels of
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an image into predefined land use/cover classes. Accuracy assessment was used to check
the compatibility of classified images with the real land cover. Hence, producer’s accuracy,
user’s accuracy, overall accuracy, and kappa coefficient measuring techniques were used to
measure the accuracies of classified images. For accuracy evaluation assessment, a total of
157, 175, and 209 ground-truth points (GCP) were used for 2020, 2005, and 1990, respectively.
All images were projected to the Universal Transverse Mercator (UTM, zone 37) and the
World Geodetic System 84 (WGS84) datum. Based on the field observation of the study
area, five different types of land use and land cover classes were identified for this zone.
The descriptions of these land use and land cover classes are shown in Table 1.

Table 1. Description of land use and land cover types in the study area.

LULC Types General Description

Water body It consists of both natural and artificial water features such as streams, lakes, canals, ponds,
and reservoirs.

Forest Areas covered by both mixed trees and natural and plantation forests

Cultivated land Areas of land prepared for growing agricultural crops. This category includes areas currently under
crop and land under preparation.

Grazing land All areas of bare lands, natural grass, and small shrubs mixed with grass used for grazing purpose.

Built-up Areas Urban areas and permanent residential areas of varied patterns, for example, cities, towns, villages,
and strip developments along highways

A systematic way of analysis for land use change is first to have the total area for the
different land use classes for the different durations and then compare the two maps. Using
ERDAS IMAGINE 2015 software, we compared areas of different land uses cell by cell
by overlaying the two maps. This can provide some basic quantitative information about
the land use change that has occurred. A cross-table showing the changes from one class
to another can be produced. A map of these changes can also be obtained using ERDAS
IMAGINE 2015 software.

Change analysis was conducted using a post-classification image comparison tech-
nique. Images of different reference years were first independently classified, and then
change detection processes were performed. The percentage of land use and land cover
change detection was obtained using the formula used by Kindu [15].

2.2.2. Biophysical Conservation Measures

Experts of the agricultural development office of the South Gondar zone were in-
terviewed as key informants because of their adequate knowledge of the study under
investigation. Moreover, the study included exploring secondary data sources, such as
technical reports, published works, and public statistics, to document the scale of the major
interventions and their implementation.

The Zonal Agricultural Office provided the annual biophysical conservation measures’
data for the South Gondar zone for the twelve-year period (2011–2022). Bunds, terraces,
gully rehabilitation, drainage structures, and moisture conservation are among the physical
measures gathered. Biological measures include plantation activities and area closure.
Plantation is a tree planting practice used as a biophysical degraded area rehabilitation
mechanism. The major types of tree species planted include Acacia Decurrence, Grevillea
Robusta, Acacia Saligna, and others. The information is a part of the catalog kept by the
agriculture office of the South Gondar zone. The implementation of these measures dates
back to the 1970s and 1980s. This study considers only twelve years of data, with varying
scales of implementation over time. Therefore, evaluating the trend of the conservation
efforts made so far with large-scale community mobilization is crucial. The Mann–Kendall
trend test, a non-parametric statistical analysis, was used to assess the trend. The Mann–
Kendall test is used to examine the existence of monotonously increasing and decreasing
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trends. The test is used on the data sets to find out whether there are any trends, either
positive or negative, in the time series data. Given that, the test’s results are based on less
of an impact from outliers.

S =
n−1

∑
i=1

n

∑
k=i+1

sig(xk + xi) (1)

where S is the Mann–Kendall test value, xk and xi are the sequential data values, and i, k,
and n are the lengths of the data. The S value is assumed to be zero and indicates no trend;
if the value of S shows a positive value, it indicates an increasing trend, whereas a negative
value of S shows a decreasing trend.

Sen [16] created the Sen Slope estimator algorithm, a straightforward non-parametric
test for determining the actual slope of the Mann–Kendall trend analysis. It determines
the size of any significant trend that the Mann–Kendall S test reveals. In time series data,
when the trend is considered to be linear, the Sen Slope estimator test is used after the
Mann–Kendall test. The Sen method is not significantly impacted by outliers or single data
problems. The following equation is utilized to calculate the Sen Slope estimator.

E =
xk
j
− xi

i
(2)

where E is the value of Sen Slope estimator; xk and xi are data values at time j and i.

3. Results
3.1. Land Use/Land Cover Changes

The accuracy assessment result shows the overall kappa coefficients of 0.97, 0.95, and
0.98 and overall accuracies of 98.1%, 96%, and 97.6% for the years 1990, 2005, and 2020,
respectively. The accuracy result confirmed that there is high agreement between GCP and
the real land use/cover (Table S2). The results reveal that there have been considerable
land use and land cover changes in the last three decades (1990–2020) in the South Gondar
zone. The result indicates most of the areas are covered by agricultural land (93.07%),
which confirms the livelihood of the zonal community largely depends on agricultural
activities. The expansion of cultivated land at the expense of other land use types is greater.
Among the different LULC types, cultivated land covered areas of 83.33% (1,171,999.44 ha),
87.68% (1,233,130.32 ha), and 93.07% (1,308,910.74 ha), followed by forest covers of 10.63%
(149,435 ha), 8.82% (124,015.5 ha), and 5.21% (73,293.91 ha) in the years 1990, 2005, and
2020, respectively (Table 2). This result shows that cultivated land increased by 10% in
the last three decades, which is a very fast change as compared with other land use types.
However, there are significant declines in forest cover by half, which are 10.63% in 1990
and 5.21% in 2020. The same is true for the grazing land use, which decreased from 5.7% in
1990 to 1.4% in 2020 (Table 2). The change in the land use and land cover in the study area
was attributed to the expansion of cultivated land from 83.33% in 1999 to 93.1% in 2020.

Table 2. The extent of area covered with the five land use types (1990–2020).

LULC Types 1990 2005 2020
Area (ha) (%) Area (ha) (%) Area (ha) (%)

Water Body 5347.98 0.38 2881.71 0.20 2255.24 0.16
Forest 149,435.82 10.63 124,015.5 8.82 73,293.91 5.21

Cultivated Land 1,171,999.44 83.33 1,233,130.32 87.68 1,308,910.74 93.07
Grazing Land 79,434.63 5.65 46,143.72 3.28 20,153.05 1.43

Built-Up Areas 191.79 0.01 238.41 0.02 1796.72 0.13

Total 1,406,405.13 100 1,406,405.13 1,406,405.13 1,406,405.13 100

Table 3 shows that during the past 30 years, the majority of the study area has seen
a continuous change in land use and land cover. The changes were observed mainly on
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cultivated, forest, and grazing land cover. The rate of change in cultivated land between
2005 and 2020 is greater as compared with 1990 and 2005. However, the forest cover change
was greater from 1990 to 2005 than from 2005 to 2020. The reason is that the government
owned most of the forests in that period. Since 1991, with the downfall of the Derge regime,
the people have aggressively cleared a significant amount of forest cover [15]). During the
last 30 years, 91,423.2 ha (6.5%) of forest land was changed into agricultural land. Therefore,
the forest cover of the study area decreased by 5.4% during this period (Table 2). Similarly,
the grazing land cover also dramatically decreased by 4.22%, as the land use changed into
cultivated land use by 3% (Tables 2 and 3).

Table 3. Change in land use and land cover from 1990 to 2005, 2005 to 2020, and 1990 to 2020.

2005

LULC
Classes

Water
Body % Forest % Cultivated % Grazing

Land % Built-Up % Total (ha) %

19
90

Water 2646 0.2 78.03 0 2572.7 0.2 51.1 0 0 0 5348 0.4
Forest 119.4 0 70,281.1 5 78,408.9 5.6 624.8 0 1.6 0 149,436 11

Cultivated 77.3 0 52,861.8 3.8 1,096,730 78 22,252 1.6 73.8 0 1,171,995 83
Grazing 38.9 0 789.84 0.1 55,383.9 3.9 23,215 1.7 7.2 0 79,434.6 5.6
Built-up 0 0 4.77 0 30.2 0 1 0 155.8 0 191.8 0

2020

20
05

Water 745.5 0.1 76.5 0 1924.2 0.1 83.9 0 0 0 2830.1 0.2
Forest 387.7 0 31,588.8 2.2 90,804.9 6.5 1617.7 0.1 155 0 124,554.1 8.9

Cultivated 1078.4 0.1 41,008.7 2.9 1,174,200 83.5 14,955.2 1.1 1430.6 0.1 1,232,672.9 87.6
Grazing 29.9 0 612.4 0 41,952.5 3 3488.3 0.2 26.5 0 46,109.6 3.3
Built-up 0 0 0.4 0 47.7 0 5.8 0 184.6 0 238.4 0

2020

19
90

Water 745.5 0.1 76.5 0 1924.2 0.1 83.9 0 0 0 2830.1 0.2
Forest 387.7 0 31,588.8 2.2 90,804.9 6.5 1617.7 0.1 155 0 124,554.1 8.9

Cultivated 1078 0.1 41,008.7 2.9 1,174,200 83.5 14,955.2 1.1 1430.6 0 1,232,672.9 87.6
Grazing 29.9 0 612.4 0 41,952.5 3 3488.3 0.2 26.5 0 46,109.6 3.3
Built-up 0 0 0.4 0 47.7 0 5.76 0 184.6 0 238.41 0

Built-up areas have been growing as the population grows at an alarming rate. The
increase in built-up areas from 0.01% in 1990 to 0.13% in 2020 indicates the demand
for residential areas and food. This created a concomitant pressure for cultivated land
expansion at the expense of depleting untapped resources. The growing demand for
agricultural land and built-up areas is decreasing the amount and size of forest cover and
grazing land throughout the zone (Figure 2).

3.2. Biophysical Conservation Practices

Biophysical soil and water conservation practices have been implemented in the
Amhara regional state, including the South Gondar zone (SGZ), to rehabilitate degraded
areas. This study presents efforts made to treat degraded areas from 2011 to 2022. Annually,
these conservation practices are implemented from January to March through large-scale
government-sponsored campaigns. Conservation practices can be grouped into three
major categories: (1) physical structures (bunds, terraces, gully rehabilitation, and drainage
structures, including cut-off drains and waterways); (2) area closures; and (3) plantations.
The implementation of these practices depends on the level of landscape degradation and
available resources. For example, cut-off drains and waterways can be constructed in
farmlands, hillsides, and homesteads. In addition, bench terraces may be implemented on
cultivated fields or on hillslopes with deep soil.

As indicated in Table 4 and Figure 3, different biophysical measures were implemented,
including soil and stone bunds; hillside and bench terraces; cutoff drains and waterways;
soil moisture structures such as trenches, infiltration ditches, and others; gully rehabilitation;
area closures; and plantations. The total number of these structures implemented per year
is indicated in Table 4. In general, 685 thousand ha of physical structures; 13.5 thousand
m3 of drainage lines; 386 thousand ha of area closure; and 587.6 thousand ha of area are
covered with plantation, using 2.5 billion seedlings (excluding 2022 plantation). Of the
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physical structures, more than 80% are bunds. Bunds could be soil, stone, or stone-faced
soil depending on the availability of the resource. The majority of these are soil bunds.
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Table 4. Types of biophysical conservation measures implemented in the SGZ from 2011 to 2022.

SN Activities Unit (‘000)
Year

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

1 Bunds Ha 51.4 65.7 74.6 78.8 67.2 54.5 31.6 32.6 20.3 16.7 21.9 20.5
2 Hillside terr. Ha 6.0 15.7 15.2 9.8 5.1 5.4 3.6 4.6 2.3 1.8 3.6 2.6
3 Bench terrace Ha 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.2 0.1 0.0 0.1 2.3
4 Moisture cons. Ha 2.7 10.0 12.9 9.3 2.1 0.6 0.6 0.6 0.0 0.8 0.7 0.6
5 Gully rehab. Ha 0.7 0.9 0.4 0.6 1.2 1.3 1.5 0.4 0.2 0.2 0.3 0.2
6 Cut of drains m3 3.9 2.6 0.7 0.6 0.2 0.1 0.2 0.1 0.1 0.0 0.2 0.1
7 Waterways m3 0.5 0.8 0.5 0.3 0.2 0.1 0.2 0.1 0.1 0.0 0.1 0.1
8 Area closure Ha 16.0 49.8 43.8 43.4 34.1 26.0 39.4 38.9 24.1 22.9 21.0 13.8
9 Plantation Ha 20.0 20.3 67.0 71.3 38.6 59.2 61.1 52.3 50.2 36.2 31.2 0.0

The magnitude of implementing these conservation measures varies from one district
to the other. This is linked with the experts’ inspiration to mobilize the community during
the campaign. Figure 4 shows the total area of the districts covered by biophysical conser-
vation measures. Some of the districts, such as Meketawa, Guna B/Midr, and Sedie Muja,
are newly established districts showing a limited effort, whereas Fogera is an old district
with low coverage that may be related to its plain landscape. Farmers in this area build
on-plot moisture conservation structures for rice production. However, the Farta district
completely covers its land mass with conservation measures. In addition, Tach Gayint,
Andabet, and Estie left about 10% of the land to be covered with conservation measures
(Figure 4).
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4. Discussion
4.1. Linking LULC with Biophysical Conservation Efforts

Natural and anthropogenic LULC change has a significant impact and characterizes the
level of land degradation. The type and distribution of surface cover affects surface runoff
and sedimentation in the watershed [17]. Poor surface cover results in high soil erosion due
to a quick response to rainfall. Biophysical soil and water conservation measures are linked
with the type of land use and land cover in the area. For example, bunds are constructed
on cultivated fields based on the available soil or rock resources. Hillside terraces are built
on bushes and shrub land with medium soil depth; bench terraces are constructed on soils
that are about 50 cm deep and hillslopes planned for cultivated land. Drainage structures
are built on any land use type affected by upstream runoff. Gully control practices are
implemented on land uses that are prone to gully erosion. The level of degradation in the
land use reflects the suitable intervention proposed in the area. Biophysical conservation
measures cover 73 percent of the zone’s total land mass. Cultivated land accounts for
93 percent of the land use in the zone and is proportional to the magnitude of bunds
constructed. Bund construction covers approximately 80% of cultivated fields (Table 4).
A significant number of hillside terraces has been constructed along the contour, as a
majority of the districts are characterized by steep slopes [18], except Fogera and Libo
Kemkem. Lastly, meager bench terraces have been implemented in areas with thicker
soil. Current land use may be suited for a certain conservation measure. Regrettably,
the type of conservation measure has changed over time due to changes in land use.
Over time, conservation planners have been challenged with this dilemma. This could
be demonstrated by the predicted years required to cover the district’s landscape with
biophysical measures (Figure 4). For example, 61 percent of districts require fewer than
five years to completely cover their landscape. However, as the land use system has
changed, this may no longer be the case. Cultivated lands gradually expanded from gently
sloping land into steeper slopes in the highlands with the subsequent clearing of forests
and other vegetation. Despite this, the Watershed Development Guidelines advise against
building stone bunds on slopes steeper than 35%; instead, terraces and bunds are built on
hillslopes [19]. This finding is in agreement with the findings of Tsegaye [20], who state that
land degradation, particularly soil erosion, was exacerbated by the influence of land use
and land cover change because of agricultural land expansion on accessible steep slopes of
forest, shrub, and grazing land.

Plantation is one of the biophysical measures where seedlings are planted on degraded
areas, physical structures, and homesteads. The purpose of plantation as a conservation
measure is sought in two ways. The planted materials reinforce constructed physical
structures to prevent soil erosion and tree roots bind soil particles in situ. The study
result shows biological measures cover approximately 92% of the bunds. However, it is
challenging to find a bund covered with vegetation on the ground from each district for
evidence. Reinforcing bunds with planation has the capacity to reduce runoff in cultivated
fields by 49 percent [21]. According to Teshome [22], the profitability of SWC structures is
greater for bunds with grasses than bunds without grasses. Integrated management of land
resources requires both physical structures and multipurpose plantations for sustainable
use of the resource. Furthermore, the plantation contributes to the area’s forest cover.
Forest coverage discrepancy was observed between the zonal report and satellite images.
For example, the forest cover reported by the zone in 2020 is about 12 percent, whereas
using the satellite images in the same year, it is only 5.1 percent. The reason may be
the satellite images include artificial forests such as Eucalyptus at individual farm fields.
Eucalyptus is a multipurpose fast-growing tree and has greater socio-economic benefits.
Zonal experts define forest as two meters height, 20 percent canopy, and half a hectare of
area coverage. More than 587 thousand hectares of land has been covered with more than
2.5 billion seedlings in the last eleven years, except 2022. This suggests that the area that
the forest covers is expanding faster than before. However, as indicated in Figure 3, the
rate of plantation is decreasing gradually, and the land cover expansion was not found as
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expected due to poor survival rate of seedlings, prolonged dry season, water scarcity, and
unsustainable management of plantations [23–25]. Forest cover increased in some areas
after watershed management programs launched in 2011 along with the establishment
of eucalyptus plantations [26]. Farmers shift from cultivated land use to artificial forest
land based on the income difference from crop and tree. This has a positive impact on the
forest cover dynamics in the area. However, the overall trend of the forest cover is still
declining over time, coupled with the increasing demand for firewood, construction, and
other services [26–28].

Area closure is a land use practice essential to restore degraded areas, replace open
grazing by a cut-and-carry system, and increase the source of income from the sale of grass
and forest products [29]. The practice is difficult because it contradicts the widely used free
grazing. Areas selected for closure are usually communal lands used for livestock grazing.
The shortage of grazing land discourages the local people from practicing area closure.
The free-grazing animals graze on crop residues, especially after crop harvest, and grazing
lands, bushes, and shrub land. The free-grazing practice damages the land resources, and
the livestock may destroy naturally regenerated and artificially planted seedlings. The
advantage of practicing area closure is that it requires limited investment as compared with
the other biophysical measures. However, the sustainability of the area closures can only
be guaranteed if and only if the community has taken full responsibility for protection [30].

4.2. Trends of Conservation Measures

In the South Gondar zone, about 73% of the landscape is treated with biophysical
conservation measures (Table 4). During the large-scale SWC campaign, between 2011 and
2016, large areas of cultivated fields were covered with bunds (Figure 4). Relatively, the
investment on hillslopes and area closures in this period was also enormous. After 2016,
the implementation of physical structures began to decrease, whereas the construction
of area enclosures continued steadily in 2017 and 2018 (Figure 4). Table 5 and Figure 5
show the results of Mann–Kendall test and Sen Slope estimator for the four conservation
measures, with statistical significance at the 5% level with increasing or decreasing trends.
According to the Mann–Kendall trend test, a significant decreasing trend was observed from
physical structures, drainage structures, and area closures (for the Sen Slope estimator, the
same significant negative trend was detected). Plantation shows a negative non-significant
decreasing trend (p < 0.05). The major reason for the decrement may be related to the limited
participation of the community in physical structures, and experts focused on enclosures.
In addition, as explained in Section 4.1, both natural and man-made factors contribute to
its gradual reduction. The decreasing trend may also be more related with maintaining
existing ones than constructing new structures. A maintenance report is not included in this
study, though it is part of the annual action plan in some districts. According to Addisie
and Molla [31] in the Gumara watershed, the local people are reluctant to participate in
conservation campaigns, unlike in previous times. The reason is the success rate of efforts
were below expectation, as farmers always hope to see immediate results [32]. Furthermore,
zonal natural resource management experts explain that some of the farmers would prefer
to stay on their farm fields rather than participate in watersheds outside their vicinity. This
led to a decrease in the number of participating workers and area covered with conservation
measures. The trend of plantation shows a decreasing trend; however, it is not a significant
decrease (Figure 5). This could be related to the government’s ambitious tree-planting
target, which is a green legacy initiative that started in 2019 [33].

The sustainability of rehabilitation practices is fundamental and shall be taken in to
account throughout the implementation period, particularly at the end of all efforts [34,35].
This could be achieved by incorporating maintenance as a planning element. As observed
at selected fields, there is meager implementation of maintenance. Maintenance is an
overlooked area of implementation [31]. Therefore, each district must continue to engage in
maintenance in order for efforts to be used sustainability. A lack of maintenance activities
for the installed conservation measures makes the land degradation problem worse, despite
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factors such as inadequate quality standards for installed physical structures [35,36] and
poor livestock management systems that cause physical structures to be destroyed [37].

Table 5. Mann–Kendall trend and Sen Slope test summary results.

Series\Test Kendall’s Tau p-Value Sen Slope

Physical structures (ha) −0.636 0.005 −7465.550
Drainage structures (‘0000 m3) −0.727 0.001 −147,084.386

Area closure (ha) −0.576 0.011 −2682.763
Plantation (ha) −0.152 0.537 −1762.672

Alpha = 0.05
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5. Conclusions

Evaluating the trends of biophysical soil and water conservation measures in relation
to dynamic land use and land cover change is critical for the sustainable use of natural
resources. Ethiopia has been implementing SWC practices on a watershed scale for the last
five decades. However, the program maintains its current course, devoting vast amounts
of both human and financial capital. As land use and land cover change affects the ar-
eas covered by specific controlling mechanisms, the implemented practices have yet to
be completed. Data from satellite images and official reports show a discrepancy in the
findings of the study. The study is intended to produce baseline information that helps
conservation planners to monitor and evaluate real-time conditions in biophysical conser-
vation measures, as well as changing land use and land cover in the future. The coverage
of biophysical conservation measures in the majority of the districts in the zone indicates
better achievement. However, the trend was significantly decreasing. The landscape ex-
periences rapid land use and land cover change, hence it will require more structures in
the future. Plantation was implemented at a larger scale, though it is unable to attribute
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it to the sustainability of physical soil, water conservation practices, and climate change
anomalies. The findings of this study will contribute to developing interventions in the
manner in which future watershed development programs are planned in response to
sustainable natural resource management. Finally, the research recommends that, despite
considerable investments in biophysical erosion control measures, integrated management
efforts should be maintained.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land11122187/s1, Table S1: Types of sensor used, acquisition date and
percent cloud cover; Table S2: Land use classes and accuracy assessment results (1999–2020).
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Abstract: The application of regulations for the development of renewable energy facilities is one of
the key environmental conservation strategies being implemented in Japan. However, regulations
are only applied if the degree of environmental degradation falls below the “reference point.” Thus,
impacts of project development that are remarkably limited to scenic values of landscapes are largely
overseen in Japan. On the other hand, establishing standards for the “reference point” is challenging,
and existing scientific approaches and legal frameworks for conserving “daily landscapes” are largely
absent. Therefore, it is necessary to establish a set of standards for “reference points” or indicators to
classify landscape inventories, particularly those with scenic values. This study explored the potential
of development-compensated implementation in Japan by scrutinizing relevant compensation mea-
sures in other countries. The results revealed that adding the aesthetic degradation of landscapes as
an object in development compensation is challenging, as its value is difficult to monetize. Further, the
evaluation of landscape degradation may be insufficient. Hence, there is a need for objective-driven
indicators and methods that measure landscape degradation, particularly the effect of renewable
energy facilities on the scenic values of “daily landscapes.”

Keywords: landscape; scenic values; renewable energy; compensated measures; legal framework; Japan

1. Introduction

Issues surrounding development persist in developed and developing countries de-
spite continued discussions since the Brundtland report and other historical
documents [1–3]. the most contested cases in contemporary developed countries include
the installation of renewable energy facilities and natural resource management, such
as forestry management and related regulations (i.e., tree thinning), as countermeasures
against global warming [4–7]. These development activities are often accompanied by
environmental changes, frequently in the form of trade-offs between environmental func-
tions and social conflicts, altering the hydrology, biodiversity, culture, and/or landscape
of the region in installation sites [8]. Moreover, there are trade-offs between social and
institutional dimensions and among different stakeholders involved, which are often driven
by research questions such as “Who pays for such conservation costs?”; “Who is exempted
from paying conservation costs?”; and “Who will be responsible for environmental con-
servation?” [9–13]. These questions are particularly challenging in landscape conservation
contexts, in which various stakeholders are involved. One way forward in addressing these
concerns is through scientific and objective investigations.

Existing science-based methods consider the cost and benefit-sharing of landscape
conservation, such as the impact assessment of scenic resources, aiming to objectively
evaluate them and measure the degree of landscape degradation in question. Certain
methods are currently being implemented in the UK and the US, such as the Landscape
Character Assessment in the UK that aims to identify and describe variations in landscape
characteristics [14]. In the US, when wind power is generated, developers or business
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operators are required to enter into a Host Community Agreement to return profits to the
region [15]. Similar requests have been implemented in Japan; when business operators
abandon development, there is no benefit or return from the region, and they will be
forced to conserve landscapes free of charge for the region. These efforts to eliminate
imbalances are globally sought after as climate change countermeasures and landscape
conservation measures. The legal framework of Japan addresses such discrepancies. For
instance, the “Economic Measures to Prevent Hindrances to Environmental Conservation”
of the Basic Act on the Environment (Kankyo-Kihon-Ho, Act No 91 of 1993) states, in theory,
that it is possible to introduce “economic instruments that differ from traditional regulatory
instruments as an instrument of environmental policies” [16]. The law further encompasses
the possibility of developing effective policies for environmental issues that are difficult to
address with conventional regulatory approaches [17].

Economic instruments can be applied in multiple ways. For instance, business opera-
tors need to respect the so-called “landscape profits” or Keikan Rieki, where local communi-
ties contribute to constructing and maintaining landscapes [18]. The legal framework of
Japan shows “in return for ‘compensation’ (Hosyoh) for landscape conservation, compensa-
tion from the public sector must be paid for business operators to abandon development,
because of considering the regional consensus of the community despite the legal possibil-
ity of development. [19]” Since this concept is not practically connected, business entities
are not recognized for the economic benefit or honor of withdrawing from the business for
the sake of landscape conservation, so as a result, they hope that the land they own will
be managed as efficiently as possible as a business. As a result, the public sector must use
taxes at the national or prefectural level burden on residents to conserve the landscape.

In Japan, there are two types of “compensation.” The first type is the idea of ex-
propriating development rights from business operators (i.e., taking) rather than paying
compensation (Kaihatsu-Hosyoh), and the second type is the government funds for business
entities’ development projects that are harmonized with landscape and biodiversity conser-
vation [20]. For the former, monetary compensations are provided to business operators
or developers for lost opportunities from abandoned business plans. For the latter, mon-
etary compensations are paid by the government to operators to abandon their planned
development as a conservation effort. To avoid confusion, in this manuscript, both types
are referred to as “compensation”; however, this study deals with the former type.

In Japan, if the environmental standard of the current situation is maintained as
is, that is, if it is not developed, it tends to be regarded as a regulation (in this case,
compensations are not required). There are similarities with other countries, especially
developed countries that are faced with declining birthrates and aging populations [21]
or uneven distributions of the population [22]. It is instrumental to compare regulations
in different contexts. Thus, this study inspected the regulations and legal frameworks of
Japan and the existing approaches in the UK and the US. Section 2 presents the case of
Japan, focusing on the boundary between private goods and public interests. Japan has the
strongest landowner’s (private individuals) rights among the developed countries with
a compensation system, whereas the public sector has weak regulatory tools and specific
laws including effective environmental conservation [23]. Section 3 overviews specific
legal instruments that objectively address landscape degradations in the US and the UK,
and Section 4 examines whether they can be applied in Japanese contexts or current legal
frameworks. If the application for Japan can be demonstrated, these instruments could
also be utilized in other countries with similar settings. Finally, Section 5 summarizes the
key findings and emphasizes the need for inventories and indicators for scenic impact
assessment.

2. Boundary between Private Goods and Public Interests
2.1. Research Overview

The relationship between personal property rights and environmental protection
is an issue that has long been debated. Lubens clarified the relationship between so-
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cial restrictions and property rights in German and US laws, indicating that property
rights are the core part of the surrounding areas [24]. The study found that German
law has a constitutionally guaranteed sphere of rights that exists as a “core field” (the
Kernbereich), whereas U.S. law has the Taking Clause in the Fifth Amendment of the US
Constitution [25] to protect the economic value and expectations related to realizing value
in a property object.

The US Taking Law is underpinned by several common law judgments, and much
debate surrounds this law. Essentially, expropriation of land ownership (land expropria-
tion) is taking; however, it must be distinguished from other property rights regulations
(property regulation by state police power with no compensation). Many property law
researchers have investigated the Supreme Court case regarding taking [26] and explored
the inherent quality of private property rights and public expropriation rights from their
historical transition.

Findley and Farber [27] discussed the 1978 US supreme court judgment Penn Cent.
Transp. Co. v. New York City. Moreover, there have been discussions on how to bring
public interest to private land. The present study utilized Alexander’s Social Obligation
theory [28]. This theory is based on the analysis of ‘taking’, and the affirmative obligation
of the property owner to the local community. He uses the “capability approach” pro-
posed by Nussbaum and Sen to examine the community base and “functioning” of land.
Penalver [29] and Wendel [30] defended this, while Smith [31] criticized it. Conversely,
although not aggressively addressed in this study, Rule stated that if landowners are to
be obliged to protect the natural environment, it is not a legal liability but an individual
“norm” [32].

In Japan, if the current environmental standard is maintained (i.e., selected not to be
developed), it tends to be regarded as a regulation (in this case, compensations are not
required). While the current Japanese law has these characteristics, some similarities are
shared with other countries (especially developed countries) that are faced with declining
birthrates and aging populations [19] or uneven distributions of the population [20]. It is
instrumental to compare regulations in different contexts and to estimate the agreement
contents to obtain regional consensus.

Figure 1 shows the situation that this study aims to clarify and address. Currently, in
Japan, the parties involved in the legal procedures of renewable energy projects include ‘the
Power Generation Business Operators/Developers’, ‘Public Sector: Ministry of Economy,
Trade and Industry (METI) and Municipality’, and ‘Local Residents’. The Public Sector is
where business operators apply for a business license and seek judgement. Local Residents
represent the local environmental conservation spokespersons. The relationship and legal
proceedings among these parties are unclear, and the issues on compensation and landscape
assessment remain indefinite in the issuance of a business license by the Public Sector. For
instance, when business operators apply for a license, the public sector examines the
required documents based on the permit criteria and decides whether to grant a license
or deny the application. If the permission criteria are appropriate and clear, the public
sector can easily function as a regulation on the issuance of a business license. However, if
the criteria are inappropriate and unclear, the decision of whether to approve or deny the
application will be difficult. In such cases, regional consensus or agreement between local
residents and operators is considered, as residents’ intentions have a strong influence on
the public sector’s decision [33,34]. Particularly, if there is a strong opposition movement
from local residents on the proposed renewable energy project, the public sector is likely
to reject the license request. If such cases arise, regional consensus with the locals and
municipality is achieved through the provision of benefits to the proposed project site. This
includes compensation for environmental degradation and consideration for the economic
value of landscape benefits, which are difficult to monetize.

143



Land 2023, 12, 51

Power Generation       
Operating Entity

Public Sector:
Ministry of Economy, Trade 
and Industry（METI）
＋Municipality

Business License Application

Permit / Disapproval Judgment

Permit Criteria

Local 
Residents

Intention to 
Oppose 

Development

③ The business operator concludes a regional 
consensus or agreement with the residents / 
Municipality that provide profits to area, and 

urges to permit wind power generation.

Figure 1. Parties involved in the issuance of business licenses for renewable energy projects in Japan.

As such, if the permit criteria are not clearly determined, it is not possible to provide
compensation for businesses that abandon development and stop environmental deteriora-
tion and benefits provided to the region instead of developing and causing environmental
deterioration. To achieve these points, it is necessary to have a clear indicator for converting
the amount of damage caused by environmental deterioration.

Landscape deterioration is the primary reason for local residents’ opposition to Japan’s
renewable energy power generation [35]. In promoting offshore wind power, Choshi
offshore in Chiba Prefecture was selected as the only Renewable Energy Promotion Area
(Sokushin-Kuiki) in the Kanto region [36]. Offshore Promotion Areas are designated by
the government based on the act that establishes unified rules for offshore wind power
generation (Act on Promoting the Utilization of Sea Areas for the Development of Marine
Renewable Energy Power Generation Facilities (Shortened form: Saiene-Kaiiki-Riyo-Ho,
Act No 89 of 2018)) after coordinating with the preceding users of the sea area, such as
fishermen, and with the region. Choshi City is a fishing town; however, fishing yields have
been declining. The promotion of this project had issues with compensating fishermen and
handling the deterioration of the landscape, as this location has a scenic bay (Byobugaura)
and a view of Mt. Fuji in the distance. Therefore, the landscape would change drastically
if more than 30 wind turbines were constructed [37]. Consequently, fishermen received
compensation, and Mitsubishi Corporation, which was selected as a business entity to
promote offshore wind power generation, was asked to give “maximum consideration”
to the local community [38]. The expression “maximum consideration” shows the lack of
options for the modern landscape conservation criteria.

Therefore, if business entities can receive compensation for loss if they are prevented
from development, it will be possible to prevent damage to the landscape to some extent.
As such, I believe that clear standards (indicators) are necessary for everyday landscape
conservation. Therefore, this study aimed to demonstrate the importance of indicator
formulation and its continuous monitoring based on the cases of the UK and the US.

2.2. Internal and External Legal Obligations

Article 29 para 1 of the Constitution of Japan defines the property right as “the right
to own or to hold property is inviolable” [39]. In para 2 of the same article, “property
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rights shall be defined by law, in conformity with the public welfare” and the exercise of
property is accompanied by “internal legal obligations” [39]. Furthermore, para 3 stipulates
that “private property may be taken for public use upon just compensation therefor,” and
“compensation (Hosyho)” are required legally [38]. In more concrete terms, para 2 indicates
that property rights are restricted (subject to intrinsic restrictions) by law. In this regard, no
compensation is required. Conversely, para 3 states that to achieve the public purpose, the
state power may coercively expropriate or restrict the use of private property based on the
French Declaration of Human Rights. In such cases, legitimate compensation is required
(Figure 2) [40,41].

Internal legal obligation 
by police power
(Regulation: No 
compensation)

Property 
right

Core of 
property 

right

External legal obligation 
requires just compensation

External legal obligation 
has increased

Scientific knowledge changed 
and conception of fairness and 

justice evolved

Changes over time

Figure 2. Internal and external legal obligations observed in Japan.

The restrictions outlined in para 2 are implicit and are subject to regulation by “police
power.” Police power means a fundamental power essential to government, and the inher-
ent and plenary power of a sovereign to make all laws necessary without compensation
(Figure 2). It is the “noxious-use doctrine” (sic utere tuo: to do this without harming others
to use their things) and it is found in the realm of the provision of public goods, such
as essential fields for human survival, including life, public health, national defense, law
enforcement, and fire protection. This doctrine has gradually been applied to situations
where public utility is expected by society, with no significant foreseen negative impacts.
These are general norms of the regulation [31].

Alternatively, “taking” (public expropriation, regulated in para 3 of Article 29) aims at
public use and does not take private property without appropriate compensation [39]. The
“taking” clause is not a source of power for taking but rather a limitation [42]. For instance,
“taking” must be for a public purpose, and compensation must be made because it entails
special sacrifices for the benefit of the public. In addition, “taking” includes governmental
or official actions that damage property or impair its use and physical appropriations [43].
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2.3. Prioritizing Compensated Measures over Regulatory Actions

In the US, using “funding” measures for the conservation of endangered species was
more effective than regulatory actions [44]. These “funding” measures are provided for
land use rules, such as abandoning developments for the conservation of endangered
species inhabiting private land [45]. Such trends can be applied in the context of land-
scape conservation as well. This study interpreted the term “funding” as synonymous
with “compensation.”

There are no existing criteria or legal protections for landscape degradation outside
of national parks or designated areas in Japan. Moreover, one of the most frequent and
opposing opinions of the local residents regarding renewable energy facility construction is
the deterioration of “daily landscapes” (landscapes in daily settings without specific legal
protections), making the issue a recurring problem in Japan from 2017 to 2020 [35]. Given
the absence of legal frameworks and established criteria, the general trend of conflicts is on
the rise, and issues surrounding landscape problems tend to rely on “residents’ consent.”
This is because the construction activities of business operators are neither illegal nor
unreasonable and frequently occur in unregulated sites, such as those that lack landscape
protection. Moreover, target project sites are often perceived by people as “familiar” or
“daily landscapes” in the region, and there are concerns that they will be affected or changed.
For instance, a change in the landscape by cutting trees reminds residents of disasters such
as floods that were once affected. Such “landscape change” is sensitive and affects the
liberty of other economic activities, such as tourism in mountainous areas with strong
historical and religious elements and idyllic hot spring areas with legitimate procedures.
There is a need for objective-driven criteria to have a balanced system.

In the absence of clear regulations, it is imperative that residents provide sufficient
compensation for business entities rather than forcing “residents’ consent” by regulations
or municipality ordinances to make business developers consider landscape elements.
When there are signs that regulations will be imposed or when there is a small amount
of compensation, business operators can develop the project legally [44]. Alternatively, if
compensation is sufficient, development can be stopped and/or reexamined. In many de-
velopment cases, local people want to protect familiar landscapes that affect their daily lives.
The introduction of a “compensation” measure should be considered for the conservation
of landscapes and historical and cultural heritage, which are not legally regulated.

2.4. Is it Taking or Regulation?

This study compiled descriptions from various sources that have changed along with
the social and legal circumstances. Yoshida [46,47] noted that unlike “restrictions to avoid
negative externalities (intrinsic restrictions),” there is an increasing number of “restrictions
to ensure positive externalities (extrinsic restrictions)” based on certain real estate uses, such
as conservation of green spaces and conservation of landscapes. This overseas restriction
falls under Article 29 para 3 and requires compensation [38]. Sax [48] stated that “drawing
the private/public line is not limited to physical harms.” Furthermore, the balance between
private desires and public obligations in the rules governing land ownership states may
change over a longer period. Specifically, the development of scientific knowledge on
hazards and concepts of fairness and justice affect such changes, which may include the
possibility of both internal and external legal obligations. The full burden of maintaining
that value falls on the relatively few who retained some natural value in their land, whereas
those who have created the problem of potential species extinction bear no burden at all [48].
Alexander [28] argued that the owner should have active security obligation, in addition to
“negative obligations" under “noxious-use doctrine.” This idea is that landowners should
be obliged not only to passively “not develop (prohibit)” but also actively “conserve
(affirmative obligation).” This is a useful suggestion at present, when it is scientifically
revealed that “care” is required in certain cases, in addition to “avoiding development” for
environmental conservation.
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It is difficult to determine whether the public nature of the government is “taking”
(requiring payment of just compensation) or a regulation (with no requirements for com-
pensation). There is no clear line or “standard” that can be distinguished [41,43,49,50].
This is partially due to changes over time, including scientific progress, and changes in
the sense of equity and justice. In contrast to the compensation requirements overseas
(as described later), the range of regulations is kept wide, as long as the content of the
regulations is conserved in current Japanese laws [51]. For instance, under the Natural
Parks Act Article 17 para 3 [52], a claim for compensation for loss was excluded, as the
restriction on the use of the application for permission for the new construction of struc-
tures was an inherent restriction of property rights [53,54]. Another example is the case
of local government-zoned green belts around urban areas. These include zoning that
regulates the development of lands designated as green belts by landowners; however,
litigation disputes that development indemnity would be sought in that regard. However,
the Japanese Supreme Court determined that compensation was not required if conserva-
tion was forced [55]. Alternatively, if landowners’ existing buildings are to be destroyed
to install green belts, compensation is deemed necessary [51]. This means that not all
landowners who currently have a natural environment to preserve are responsible for
conserving the natural environment [48]. It is an academic doctrine and precedent that
compensation for the loss under the Japanese Law enables the right to claim damages under
the Constitution directly, even if there is no specific provision in the Individual Law [56].

In addition, it is difficult to consider the criteria for distinguishing between “taking”
and regulation. There arises the need for scientific or agreed objective-driven criteria of
landscape degradation for proper compensation. The amount of compensation does not
indicate that development activities will be easier or unmonitored; rather, it promotes
prudent and responsible development. To demonstrate this, under the US Endangered
Species Act, payment of development compensation (“compensation for development
control”) rather than imposing regulation on endangered species has led to more controlled
development activities [44]. Furthermore, the concept of development compensation is
presented as a responsibility (indemnity) for local communities seeking responsibility from
business operators.

There is a high demand that landowners assume the duty of conservation if they can
play the role of conservation, as the number of actors in conservation is decreasing [28]. If
the landowners are considered primarily responsible for conservation, it may be necessary
to compensate the landowners for the additional efforts to conserve (which are higher
standards than “not developing”) [48]. Landowners may have the right to choose their
preferences for conservation measures; however, for them to exercise their rights, a system-
atic operation, such as “ecological succession of cultivated land to wilderness area” over
the long term, is required [57,58].

3. Criteria and Quantitative Approaches to Landscape Degradation

Existing compensation schemes in the UK and the US include measures to balance
landscape conservation with developments including land-use changes. In addition, this
study examined the legal settings related to ownership (private and public lands) in the two
countries. In the current compensation schemes, both countries have a common context that
“all property has a legally recognized owner, and if the owner cannot be found in a timely
manner, then the government is presumed to be the owner” [59,60]. The landowners and
the public sectors are responsible for maintaining the environment including landscapes.

The landscape character assessment (LCA), which is a process of identifying and
describing variation in landscape characteristics, is used in the UK to evaluate the “visual
despoliation of valued landscape” [14]. LCA documents identify and explain the unique
combination of elements and features that make landscapes distinctive by mapping and
describing character types and areas [61]. In addition, they show how the landscape is
perceived, experienced, and valued by people [60]. Moreover, in the LCA approach, the
landscape is evaluated whether it has “use value” or “non-use value” when wind turbines
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are installed or not [62,63]. It is logically deducted from “options to visit landscapes without
wind turbines,” “options to visit a landscape free of wind turbines,” or simply “the presence
of untouched landscapes” (that a “pristine” landscape exists as the “non-use value”).

In many areas, wind farm development is located without protection areas, but close to
these designations. Though, in these circumstances, the effects on the designated landscape
remain a key consideration, LCAs do not place value on one landscape type over another.
LCAs may point to the reasons why a landscape might be valued. LCA helps us understand
what the landscape is like today, how it came to be like that and how it may change in the
future. It also helps to ensure that change does not undermine whatever is valued or the
characteristics of a particular landscape, and proposes ways to improve the landscape’s
character [63].

Looking at a specific case, the LCA methodology has proven beneficial for the Cape
Wind Energy (CWE) and Ocotillo Wind Energy Facility (OWEF) projects in Scotland [64].
The LCA explained that “visual degradation” can be identified as a negative externality
that may potentially affect human well-being and a realistic cost that needs to be considered
in determining the economic viability of the project.

In the US, visual resource management (VRM) manages public lands in a manner that
protects the quality of visual or scenic values. VRM is conducted under the Federal Land
Policy and Management Act (FLPMA) by the Bureau of Land Management (BLM) The BLM
has developed the VRM system for visual resource inventory, management, and impact
assessment. BLM-administered lands are managed in accordance with approved resource
management plans, which are developed with public participation and collaboration. The
VRM classes set the objectives for lands in each class and describe the limits of allowable
visual change in the landscape character with which proposed management activities must
comply [65].

VRM is a methodical approach used for cataloging and managing scenic resources
of public lands managed by the BLM. Specifically, all public lands managed by the BLM
are classified into four categories based on the maintenance of natural landscapes (Class I),
scenic quality (Class II), sensitivity level (Class III), and distance (Class IV). This classifica-
tion has an impact on business approvals. In VRM classification, considerations are sought
before undertaking development activities in the region and provide a methodical means
to evaluate activities that they conformed with the approved objectives. There is a unique
scale of landscape evaluation.

4. Potential of Development Compensation in the Legal Framework of Japan

Current Japanese regulations of environmental conservation are generally required
only if they are below a “reference point” (a benchmark of being “neutral”). In Article
21 of the Japanese Basic Act on the Environment (Regulations to Prevent Hindrances to
Environmental Conservation), regulatory methods are stipulated as “the State must take the
following regulatory measures to prevent a hindrance to environmental conservation.” The
conceptual framework is outlined in Figure 3 [52,66]. For Case 1, development activities
are above the reference point and have desirable effects on the environment. For Case 2,
environmental conditions are deteriorating but are still above the reference point. In this
case, regulation is not yet necessary, although the validity of the content is questioned, such
as “Is the business operator taking and evading compensation payments?” Moreover, “soft
methods” are desirable as incentive measures, awareness-raising, or educational activities.
In contrast, in Case 3, the environmental conditions are below the reference point; thus,
environmental conservation control measures are needed to avoid degradation. These
public measures are implemented in the form of regulations.
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Reference Point 
(a benchmark of 

‘neutral’)

Best

Worst

Case 1

environmental conditions 
are below the reference 
point; environmental 
conservation control 
measures are needed

development activities 
are above the reference 
point and have 
desirable effects on the 
environment

Case 2
environmental conditions 
are deteriorating but are 
still above the reference 
point; regulation is not 
yet necessary

“soft methods” are desirable 

Case 3

implemented in the form of regulations 

Figure 3. Conceptual framework of implementing Japanese regulations for environmental degrada-
tion control measures (conceptualized from MoE 2002).

Article 2 of the Japanese Basic Act on the Environment defined “environmental load”
that leads to a worsening of environmental conditions as “negative effects of human
activities on the environment causing hindrances to the environmental conservation.” “Hin-
drances to environmental conservation” means environmental degradation to the extent
that measures directly related to the rights and obligations of citizens, such as regulations,
are implemented. Examples include damage to human health and living environments,
such as pollution and failure to secure natural blessings that are indispensable for the
public. Despite this regulation, Japan is facing the concern of deteriorating ecosystems
and landscapes caused by inaction, such as the lack of care for artificial forests and the
neglect of satoyama [21,67]. It is difficult for landowners to be legally liable for inaction, as
they have the freedom to leave (or use) the land [21] and, in certain cases, due to cultural
differences affecting people’s perceptions and behavior [68]. In several cases, inactions can
be “hindrances to the environmental conservation,” as conservation activities in degraded
ecosystems are an extra burden for the landowners [54].

In addition to the above regulation, there are also specific landscape-related measures.
For instance, in Article 2 of the Landscape Act, the “good natural landscape” (Ryoko-na-
Kekan) needs to be protected and is described as a “Basic Philosophy” [69]. Other measures
regarding natural landscapes include Article 1 of the Natural Parks Act for excellent
natural scenic areas [52] and Article 2 (5) of the Act on Protection of Cultural Properties
for the cultural landscape (Bunkateki-Kekan) [70]. Although these measures for “good
landscape” need to be followed and regulated, there are no specific indicators of landscape
degradation or reference point indicators. Furthermore, the Japanese legal environmental
assessment includes a procedure called “post-hoc investigations” (Jigo-Cyōosa), which
are surveys conducted after the commencement of projects [71]. Business operators must
consider the implementation of the follow-up survey in certain cases, and if the results show
that the environmental impact is significant, they must take environmental conservation
measures. This follow-up survey avoids environmental impact caused by unpredictable
factors and prevents problems with local residents; however, investigations related to
landscapes are lacking compared with surveys related to animals or noise which are
steadily conducted [72]. The measurement and monitoring of such landscapes, including
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the development and operation of negative indicators of landscape degradation, are not
regularly conducted, if not absent, despite efforts made to conserve “good landscapes.”

If certain landscapes considered for development can be ranked or categorized, the
degree of damage to the landscape should also be classified. The idea of subtracting from
the condition without the damage is effective for the classification. There are three reasons
to support approaches of quantifications for Japan (as in the UK’s LCA and the US’s VRM).
First, the method can be applied to the degree of damage to natural landscapes in daily
settings in addition to the current “good natural landscape,” such as scenic places, which
are the focus of current environmental impact assessments. The indicators further lead to
the calculation of development compensation more proportionally, as they contribute to
balancing the pros and cons with objective criteria reflecting arguments for developments
and conservations by continuously accumulating and utilizing data in monitoring.

Second, such scenic resource indicators can be applied to areas or landscapes that are
not yet protected by law. Before the enactment of the Landscape Act, there were landscape
ordinances in some advanced municipalities [69]. In other words, the idea of these land-
scape ordinances becomes a policy at the national level, and what is further cultivated is
called the Landscape Act. Some of the ideas of conserving the natural landscapes of various
places that exist in municipalities have been inherited by the Landscape Act [73]. However,
due to its national disposition (nationwide), the methods prepared by the Landscape Act
are not intended to conserve local daily popular landscapes or popular natural landscapes.
The trade-offs and conflicts are likely to intensify with the revisions of the renewable en-
ergy schemes, and deregulation of law-based environmental impact assessment standards.
In Japan, each municipality is making policy decisions on renewable energy promotion
areas [74]. The area can be classified into one of three categories: development promotion
area, adjustment area, and excluded development area (Figure 4). The significance of the
classification is progressing in Japan as the number of conflicts occurring in various places
is increasing [75–77]. Examples of these conflicts are cases with opposition movements,
even if the developments are neither illegal nor unreasonable (Figure 4) [57]. Such conflicts
are likely to linger when the development promotion and adjustment areas are introduced
based on legal procedures. There is a need to consider scenic resource indicators in ad-
vance and examine land-use policies and other development plans for the introduction of
renewable energy. Furthermore, “residents’ consent” tends to fall into subjective judgment;
when consents or agreements tend to be difficult, they tend to eliminate the problem itself.

Can be Changed to a 
Development Promotion 
Area if Conditions are 
Met Depending on the 

Situation

de facto
“The consensus of 

the regional 
community” is 

Important

There are many 
cases where 

operators give up 
development due to 
residents’ opposition

movements. 

Municipal land

Excluded for 
Development Area
(Hogo-Kuiki or Jyogai-

Kuiki)

Protected areas (i.e., 
for disaster prevention 

and environmental 
conservation); 

regulated by laws and 
ordinances 

Adjustment Area
(Cyosē-Kuiki)

Development 
Promotion Area
(Sokushin-Kuiki)

Areas that are not 
regulated by law or 

ordinance, but rather 
promoted (not requiring 

compensation)

Figure 4. Current status of promoting areas for renewable energy sites in Japan (modified from
Kohsaka and Kohyama 2022).
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The third reason to support approaches of quantifications in Japan is the sense of
aesthetics, which may change over time. An iconic example is the Eiffel Tower in the city of
Paris. Initially, the tower was perceived as “out of place”; however, it is currently the most
famous and beloved symbol in Paris [78,79]. In Japan, the Tokyo Metropolitan Government
Office received negative perceptions in the earlier periods; however, over time, it changed
to positive and consequently became one of Tokyo’s landmarks. The evaluation of aesthetic
values is possible by adding the damage of the development to the condition in which such
transition was not damaged. For instance, if wind turbines are perceived as beautiful with
the transition to the next generations, they can be evaluated as having positive effects in
the longer term.

As another aesthetic, we have also noticed the existence of ethical aesthetics. We must
pay attention to changes in public nature in an era when climate change countermeasures
are required more and more. Renewable energy business entities tend to be treated as
private businesses (not public nature) under Japanese law [80]. Therefore, when a business
entity gives up its business to preserve the environment and landscape, it can be regarded
as a withdrawal of a public nature. In this case, the beneficiaries are residents, etc. However,
it is necessary to consider “whether the renewable energy business really does not have a
public nature”. This is because the role of the renewable energy business as a countermea-
sure against climate change and the provision of services in society in the form of electricity
supply is truly important. However, the question here is ‘the location’. Even if it is a project
for such an important business, whether the project should be implemented in “this place”
is being questioned again.

5. Conclusions

This study examined various approaches to scenic impact assessment. In the UK and
US, the degree of damage to the natural environment is foreseen and evaluated, and such
methodologies are instrumental in decision-making processes. Moreover, by applying
necessary assessment, it is possible to measure or estimate who (including individuals
and communities) and where will be affected, including benefits and adverse effects. This
enables a better understanding of both positive and negative effects at the landscape
level, allowing the decision regarding which level of effects the development is likely
to result in. Based on these findings, classification allows the owners who are only de-
veloping to compensate residents as an offset for development. Items of scenic impact
assessment are de jure mandatory issues but are de facto limited parts of the environmen-
tal impact assessment (EIA) when considering the effects of landscape degradation from
development projects.

The ways to address landscape impacts in EIA, the impacts of community concerns
on the consensus of the regional community, and the degradation of natural landscapes in
large-scale wind power projects are increasing. Local residents are frequently concerned
with wind turbines and facilities constructed at the ridges of mountains, which are sepa-
rated from human living spaces. These concerns arise from the projected “changing living
environment (hometown)” to the change of the distant natural landscape rather than the
risk of biodiversity damage (including migratory birds) or health-related noise risks. In
such cases, concerns regarding landscape deterioration are interlinked with concerns about
disasters, including land modifications [81]. Thus, there is a need to develop compensation
for the cost and benefit-sharing of landscape conservation. To balance landscape degrada-
tion with other functions and preferences of residents, there is a need to develop indicators
for the calculation, concrete scenic resource inventory, and establishment of a methodical
approach to management.

Existing methods were examined to balance landscape conservation with the increased
construction of renewable energy facilities. This study outlined several aspects as a way
forward. There is a need to encompass and evaluate landscapes in daily settings beyond
those “good natural landscapes” in scenic places. With the increasing of conflicts, it is
essential to evaluate and rank or categorize landscape resources for all landscapes. As
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such, methodical efforts are required to conserve areas beyond “good natural landscapes,”
including those in daily settings of rural areas, which are largely overseen and neglected.

Furthermore, there is a need for objective-driven approaches that can measure land-
scape degradation. It is relatively easy to evaluate the beauty of the landscape that needs
to be protected; however, there are no established methods from various perspectives or
social contexts. Adding landscape’s aesthetic degradation as an object in development
compensation is challenging, as its value is difficult to monetize, and it may not be possible
to sufficiently conduct research such as aging evaluation regarding landscape degradation.
As a methodical approach to advance landscape conservation, examinations balancing
development projects are required.

The significance of this paper is that, for a country like Japan, which does not have
clear, objective-driven indicators and methods that measure landscape degradation, it
is important to establish scientific indicators and the sharing of responsibility for their
development (to provide an opportunity to think about the relationship between developers
and victims, potential victims and beneficiaries) including the importance of compensation.
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Abstract: Egypt pays extraordinary attention to climate action, which is gaining momentum, coin-
ciding with reaching the peak of the status quo by hosting the 2022 United Nations Climate Change
Conference, Conference of Parties (COP27). Renewable energy sources are one of the principal axes
of the state’s plan to combat climate change and open new horizons toward decarbonization. Rural
commons act as a food basket and are essential to function in urban areas and enhance ecosystem
services, even though currently they are facing extraordinary environmental challenges. Therefore,
this study aims to restore the function of the rural commons from consumerism to productivity as an
energy basket and create a tendency and momentum toward a self-sufficiency dogma by promoting
the rural energy community concept from a top-down approach in Egypt. Two steps can articulate
this: First, defining the legal key concept and showing its roots in European policies to provide a di-
rection to this research. Second, by analyzing the current Egyptian legalization, laws, efforts, and best
practices, those could address, allow, and encourage the concept’s core. The results proved that this
is the first research to discuss the concept from the climate–energy–land use perspective, integrated
with a previous bottom-up intervention. Meanwhile, it explains the current state of knowledge and
a better understanding of the institutional context, showing the high level of coordination of cross
sectors and proving that rural energy communities are presented in the bottom-up practices. This
can support decisionmakers and paves the way for researchers, academic bodies, and energy experts
to explore other insights.

Keywords: climate action; land–energy–climate nexus; multi-function land use; policy evaluation;
renewable energy sources; sustainable rural development

1. Introduction
1.1. Research Background

Mediterranean rural and agricultural areas play a substantial role in attaining sustain-
able development and food security, particularly in Egypt. The nature of rural commons
is characterized by productivity and self-sufficiency. They act as a food basket and are
essential to the functioning of urban areas, enhancing ecosystem services and providing
aesthetic value and recreational services.

Rural areas have witnessed significant transformation due to consecutive factors
since the past mid-century. Producing modern built environment patterns and different
anthropological activities leads to shifting them from productivity to consumerism and
irreversible adverse environmental impacts, in addition to confronting exclusive environ-
mental challenges as one of the most fragile spots due to climate change (CC) surpassing
the global norms and the annual decrease of the farmlands.

The global community has intensified its efforts since the Paris Agreement in 2015
(international treaty on CC) to fulfill the commitment at the national scales to mitigating
climate actions in urban and rural contexts, in which energy is a pivotal element in this
equation. Among these efforts is the energy communities concept. It has been gaining

Land 2022, 11, 2237. https://doi.org/10.3390/land11122237 https://www.mdpi.com/journal/land
155



Land 2022, 11, 2237

global tendency and interest, especially in Europe, since 2018 as one of the successful
strategies for enhancing sustainable development goals, as emphasized in References [1,2].

European regulatory frameworks are already recognized and clearly explained to
develop many energy community projects as possible in the different European countries
(Section 2.2). Recently, the European Commission launched the Rural Energy Community
Advisory Hub (REACH) initiative in June 2022 to set up energy communities in European
rural areas, officially launching direct technical assistance in September 2022 for developing
concrete energy community initiatives across the EU. In light of this, the welfare of rural
communities (the heartbeat of the EU) is a priority [3].

In the same vein, two recent bottom-up studies by the author support this direction
and boost energy communities and agrivoltaic key concepts in rural contexts, as has been
concluded by them in two rural agricultural-based settlements in Egypt and Italy. On top
of that, a recent field study concluded that low domestic electricity consumption in rural
buildings in Egypt showed the potential to achieve zero energy building targets [4,5] as
well as achieving positive energy ones.

Based on the integration of the introduced facts and these outcomes, this study is an
attempt to provide a comprehensive foundation bringing attention to restoring the function
of the rural commons from consumerism to productivity and acting as energy baskets, in
addition to creating a tendency and momentum to self-sufficiently dogma by promoting
the rural energy community concept in Egypt. This can be addressed by investigating the
following research questions (RQ):

• RQ1: What is the current status of the concept’s core in the legal framework from a
top-down standpoint?

• RQ2: Is the concept implemented in Egypt, and can it be localized?

It is noteworthy that, in an African context, Ambole et al. [6] provided a similar
approach, where they aimed to identify the potential of energy communities in sub-Saharan
countries. However, their intervention was different from this study for two reasons. First,
the majority of these countries face a lack of energy supplies and energy poverty. Second,
they focused on the role of bottom-up practices; namely, they promoted a collaborative
design method to deliver a platform to involve multiple stakeholders that enables citizens’
incorporation during the life cycle of establishing energy communities, showing how local
societies can push innovation and development in the direction of sustainable energy
systems.

1.2. Study Hypothesizes

The author argues that the rural energy community and agrivoltaic concepts can
enable green transition in Egypt and enhance land and food security for many reasons,
summarized as follows:

• The concepts are gaining momentum, which can benefit the local community and
decisionmakers alike and preserve natural resources in the light of the land–energy–
climate nexus. The development scene in Egypt and climate and energy policies are
also witnessing significant improvement (Sections 3.1 and 3.2) post the socio-political
fluctuations in the past few years;

• The extraordinary support to regenerate rural built environments within the national
presidential project Decent Life “Haya Karima.” (Section 3.3.1);

• In the national agenda to achieve sustainable development Vision 2030, Egypt supports
innovation and scientific research (Goal 4) as essential pillars of development, showing
how this research can support decision-making;

• Egypt qualifies to become a regional hub for producing and exporting renewable
and low-carbon energy to Europe [7], the Middle East, and North Africa [8]. For
instance, the EU–Egypt partnership priorities formally endorsed on 19 June 2022, to
work jointly, focusing on renewable energy (RE) and energy efficiency actions based
on implementing ambitious climate policies and targets. Meanwhile, its pivotal role is
in representing Africa during COP27;
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• The rural energy communities concept promotes a self-sufficiency dogma that can
mitigate external uncertainties that human society is being exposed to in recent times,
which have reached unheard-of levels, such as the coronavirus pandemic and regional
wars, which brings to mind the specter of the 1970’s energy crisis. Beyond that, it is an
issue of existence.

Figure 1 illustrates the rationale behind promoting the rural energy community key
concept in the legal framework, from global to local perspectives, as an effective strategy
toward green transition and a low-carbon future in Egypt.
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2. Materials and Methods
2.1. Reserch Structure and Metodology

To articulate how the aim was accomplished and the research questions addressed,
this study blends diverse methods:

2.1.1. Part 1—Theoretical Method

The aim is to provide a general direction to the Egyptian context via:

• Defining the rural energy community’s key concept and highlighting the concept’s
roots, progress, and current legal framework in the European context (Section 2.2).

2.1.2. Part 2—Analytical Method

The aim is to provide a comprehensive foundation on the topic and explain the current
situation to support decision-making and pave the way for the scientific community in
Egypt towards a better understanding of the concept in order to answer RQ1 via:

• Review of the current Egyptian efforts related to climate actions and renewable en-
ergy that could address the core of energy communities; namely: climate actions
(Section 3.1) and energy policies (Section 3.2), in addition to highlighting the rural and
agricultural policies and related national projects (Section 3.3.1).
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2.1.3. Part 3—Field Method

The aim is to investigate bottom-up studies, to define whether the energy community
concept (as its present European form) or its core exists or not, and to provide holistic
insights showing to what extent the concept is localized on-ground (to answer RQ2), in
addition to supporting the promoted top-down approach, via:

• Discuss local relevant best practices on different scales based on the previous literature
(Section 3.3.2) and on-site investigations (Section 3.3.3).

Figure 2 summarizes the methodology and research structure.
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2.2. Rural Energy Community Key Concept
2.2.1. European Legal Framework: At Glance

Many literature reviews have discussed the concept’s roots in the European regulatory
framework. For example, references [9,10] have reviewed the direct and indirect regulations
that addressed the energy community concept in European policies until full legal recognition.
They presented how the concept rooted since the 1990s, since the first energy wave (Directive
96/92/EC), and the white paper “Energy for the Future: Renewable Sources of Energy” in 1997,
the need for “Community Strategy” mechanisms of coordination of the broad policies
engaged in promoting renewable generation process. Both can be considered the first phase
of liberalization of the electricity sector.

Then, the second energy package in the 2000s [11] consisted of policies, such as
Directives (2001/77/EC) and (Directive 2003/54/EC) to organize the European en-ergy
sector in the RE field and to secure a competitive retail market. This was followed by the
third energy package in 2009, including Directives (2009/72/EC) and (2009/73/EC) to
increase the independence of national regulatory agencies and open fair retail markets. In
addition, (Directive 2009/28/EC) allows the concept of local energy structures of a civic
character such as energy cooperatives. Finally, the fourth (clean) energy package [12] added
new electricity market rules to enable Europe to meet its climate and energy targets and
attract investments (leading to energy communities).Self-consumption energy communities
have two categories: the renewable energy community (REC) endeavors to expand the role
of renewables (energy communities and self-consumers) in line with the revised renewable
energy directive (EU) 2018/2001 [13]; and the citizen energy community (CEC), which
aims to make energy communities accessible for citizens as active contributors to blend in
the electricity system effectively, in line with the directive on shared rules for the internal
electricity market (EU) 2019/944 [14].

2.2.2. Definition and Forms

The European Commission defined energy communities as “Citizen-driven energy
actions that contribute to the clean energy transition, advancing energy efficiency within
local communities.” [15]. Cappellaro et al. [16] added the self-consumption of energy as
an association of users through voluntary membership of a legal entity who collaborate
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to produce, consume, and manage energy through one or more local energy plants for
self-consumption and collaboration. Each community has particular characteristics, but
they all share the same goal: to self-produce and provide affordable renewable energy to its
members. A study by de Simón-Martín et al. [17] defined them as generic terms describing
a set of consumers and producers that belong to the same legal entity (e.g., cooperative,
consortium, and association).

The concept itself is adaptable, granting a variety of initiatives that have numerous
practices and forms [18,19], such as the clean energy community [20] and local energy
initiatives [21]. All aim to decentralize energy production.

In the same vein, numerous studies have discussed the implementations of the concept
and its forms at the European level. Their practices have been growing gradually since
the 2000s as significant actors in the energy transition by improving social acceptance and
enabling citizen participation. In general, Europe demonstrates an exceptional benefit in
investments of the REC [22]. Nevertheless, the concept still has vast growth potential,
particularly in rural areas in northwest Europe [23].

For instance, Heaslip et al. [24] promoted sustainable energy communities, and they
stated that a lot of European studies are still needed to introduce the concept in rural areas
and islands. They suggested an inclusive consideration of how to transform obstacles
into enabling tools to enhance the successful development of energy communities in rural
areas. Chamorro et al. [25] defined the rural energy community as delivering low-cost and
reliable electricity to supply households and prevalent farming and agriculture business
models to fill the gap between rural and urban communities while preserving individual
characteristics. Furthermore, the Future of Rural Energy in Europe initiative (FREE) was
established in 2010 to promote sustainable energy use within rural communities and aid in
the objective of climate neutrality by 2050 [26].

Although Frieden et al. [27] stated that although most European countries had estab-
lished regulatory frameworks to implement EU legislation, implementing efficient policies
to foster energy communities seems challenging [28], they do not have a unified and mature
definition. They are still “highly heterogeneous” at many levels, such as business patterns,
operational geographical range, members’ attributes, and numbers, in addition to the
adopted forms of policy and regulation [29].

Tarpani et al. [30] mentioned that European regulation is complex as it depends strictly
on the countries and their management of national policies. They classified the European
countries based on establishing energy community projects into “early adopters” and
“laggard” countries, such as Italy (however, it has launched its national regulatory frame-
work [16]). Whereas in a country such as Poland (the most coal-dependent economy in the
EU), Jasiński et al. [31] highlighted the absence of rural energy communities, despite having
existed in 2019 in a similar form: energy cooperative as a policy to enable a collaborative
approach (no on-ground cooperative established yet).

Otherwise, Abouaiana and Battisti discussed the juxtaposition of the energy commu-
nities concept’s core with relevant regulatory frameworks, Figure 3. Briefly, for example,
the energy community concept juxtaposed with the reformed common agriculture policy
(CAP) by four out of ten keys. The EU rural pact makes EU rural areas more resilient, green,
connected, and robust. Some initiatives provide support and keep the rural communities’
locals involved. It is noteworthy that the covenant of mayor initiative on its official website
indicated that it is for cities. However, it includes the action plans for rural settlements, so
it has been included. The author is implementing a similar study focusing on the Pontinia
rural settlement in Italy that will support the action plan of Pontinia [32].
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3. Results
3.1. Egypt’s Global and Local Climate Commitment

Egypt has intensified its efforts since the Paris Agreement, represented by developing
its national sustainable development agenda Egypt Vision 2030 in 2016 to fulfill its commit-
ment, for which energy is a pivotal element in this equation. Therefore, climate and energy
policies push for carbon neutrality in general, in addition to supporting citizens’ quality of
life, well-being, local economies, and ecosystems.

Hosting the United Nations Climate Change Conference, Conference of Parties (COP27)
of November 2022 in Sharm El-Sheikh represents the status quo’s peak milestone in climate
action, which will undoubtedly affect Egypt’s development scene towards decarbonization
in the near future. Hence, climate and energy policies’ objectives are backed via explicit
targets, policies, restructuring laws, and the development of coordinated cross-sectoral
national action plans.

Cross-Sectorial Coordination of Climate Action

In 2015, due to Prime Minster (PM) Decree 1912, Formation of the National Council
on Climate Change (NCCC), supported by PM Decree 1129 to draw up the state’s general
policies in dealing with climate change via linking, for the first time in Egypt, policies, plans,
and strategies for climate change with sustainable development at the state’s sectorial levels
were implemented. The ministries and concerned authorities assigned one of their relevant
units to work on CC issues to provide implementation and follow-up plans to compact
climate change (Article 11).

In 2016, the national agenda of sustainable development (Egypt Vision 2030) was
launched, based on Egypt’s commitment to providing and ensuring a good life for inhab-
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itants, in line with the sustainable development goals and the Agenda of Africa 2063. It
represents the governing structure for all projects and development programs that will be
put into operation until 2030.

In 2018, the report “Egypt’s Voluntary National Review” (VNR) was launched to present
the country’s progress toward achieving the sustainable development goals. The sec-
ond VNR was established in 2021 [33]. In 2020, PM Decree 193 identified the tasks and
competencies of the Ministry of Planning and Economic Development (MPED), which
includes following up and assessing the state’s performance to implement the sustainable
development agenda.

Meanwhile, in 2021, MPED launched the “Environmental Sustainability Standards Guide:
The Strategic Framework for Green Recovery” in association with the Ministry of Environment
and all relevant governmental entities [34]. The guideline aims to raise awareness of
interventions that positively impact the environment, guiding government and private
sectors towards investment and showing the strategic objectives and priorities in all sectors.
For example, in the energy sector, solar and wind energy production came first among the
priority projects and activities in green financing.

In 2022, the NCCC requested to prepare a benchmark, the National Climate Change
Strategy (NCCS) 2050, to incorporate CC components across sectors and combat its im-
pacts [35]. In addition, reducing greenhouse gas (GHG) emissions, considering that the
contribution of the energy and agriculture sectors is 75% of the total, shows the potential of
the rural energy community to decrease emissions.

The benchmark consists of five pillars. Each has a set of objectives and enabling
directions (tools and policies). In a nutshell: (i) achieve low-emission development (e.g.,
promoting micro-scale decentralizing RE systems and increasing the RE share towards
energy transition); (ii) resilience to CC (e.g., conserving and increasing the agricultural land,
developing infrastructure in rural communities); (iii) supporting climate action governance
(e.g., aligning CC units across sectors); iv) green finance units (e.g., promoting green jobs
and climate funding opportunity; (v) knowledge management (e.g., boosting the scientific
research’s role in CC in all fields).

3.2. Energy and Renewable Energy in Egypt

The Egyptian Electricity Holding Company manages the electricity sector on behalf of
the Ministry of Electricity and Renewable Energy (Formerly named Ministry of Electricity,
changed in 2014). It is regulated by the Egyptian Electric Utility and Consumer Protec-
tion Regulatory Agency (EgyptERA), responsible for implementing policy decisions and
administering licenses.

The electricity sector has significantly improved since 2014, after a few years of do-
mestic electricity shortage. Generally, electricity production increased by 128% in the past
decade. Regarding the Electricity Holding Company’s annual reports, the installed capacity
was 25,705 MegaWatt (MW) in 2012 and 58,818 MW in 2021. However, the associated
GHG emissions require significant steps to increase the RE share to mitigate CC impacts, as
emphasized in reference [36] (solar and wind represented 5% of the total in 2021).

Does Regulatory Framework Liberalize the Sector?

Egypt pays remarkable attention to achieving energy efficiency at many levels. The
first attempt in 1986, Law 102, was to establish the New and Renewable Energy Devel-
opment and Use Authority that followed the Ministry of Electricity. In 2012, the national
energy efficiency action plan (NEEAP)’s phase one was established to improve energy
efficiency (e.g., by saving public lighting, improving electrical appliances, and improving
energy plants). It provided a bottom-up approach with limited applications, such as the
missing energy-saving component in the agriculture and transportation sectors [37].

For these reasons, in 2016, phase two was released with a holistic approach considering
the laws and numerous buildings, such as industrial and educational ones. The main aims
are to be an energy efficiency (EE) hub leading the region toward low carbon dioxide
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(CO2) policies, such as enhancement of energy use efficiency into energy, environment, and
economic policies to mitigate the carbon footprint [38]. In this domain, the “Integrated
and Sustainable Energy Strategy for Egypt 2035” was adopted to achieve energy security
and make suitable renewable energy source development conditions engaging all sectors
to reach the ambitious share of RE by 42% in 2035 [39]. Figure 4 depicts the NEEAP
implementation milestones, reflecting the clear intention to open a competitive energy
market that may contribute to fully liberalizing the sector within the next decade and
enabling the application of energy communities or more advanced innovative solutions.
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Figure 4. NEEAP’s implementation and time frame.

In 2014, Law 203 determined the purchase prices of electrical energy supplied to
electricity distribution companies from electricity production plants used for RE sources
(sun and wind) to be contracted with the feed-in tariff (FiT) scheme. The electricity prices
from solar and wind energy were determined by PM decree 1947. Additionally, Republican
Decree 135 allows the RE authority to invest in RE.

In 2015, Law 87 aimed to restructure the electricity sector. It is a crucial step toward
liberalizing the electricity production and distribution market. It encourages private
investments in the energy sector, where the transition period is from ten years up to twelve.
In 2016, the Republican Decree 116 allocated governmental lands for RE projects by the
authority. In 2019 PM Decree 183 identified the electricity prices from biomass energy to
diversify RE sources.

In 2017, EgyptERA issued Decree 3/2017’s amendment of the regulatory rules for
encouraging the exchange and use of electric energy produced from solar energy by the net
metering system; the client should be the solar plant owner. This was followed by decree
3/2018: Amending Contracts Forms of Net Metering, which enabled making an energy
purchasing agreement between a qualified third-party company (operating and managing
the plant) and a client who benefits from the purchased energy and making a contract with
the electricity distributor. Figure 5 visualizes the mechanism.
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This was followed by Decree 2/2020, which set regulations on governing the net
metering system, and its update Decree 6/2022 [40], which increased the permissible
capacity limit for the total solar energy projects to be operated on a net metering system
to 1000 MW (it was 400 MW). The entire solar capacity owned by any licensed party or
one of the corporate clients should not exceed a total of 35 MW (it was 25 MW) with a
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shorter limit of 30 MW (it was 20 MW) for one project [41]. The legalization was amended
to contribute to the preparation for hosting COP27. This shows one of its indirect impacts
on the regulatory framework and supports this study’s argument. Reference [42] shows
more about investment mechanisms.

3.3. Rural Development and Rural Energy Communities
3.3.1. Top-Down Implementations

The government reflects all policies, particularly energy and climate, into national
urban development, chiefly in rural commons, that host 58% of the total population
(104 million inhabitants in October 2022) and host the majority of building stock by 70%
(11.4 million buildings) of a total 16.2 million buildings [43].

This occurs within two main prominent streams. First, to regenerate the existing rural
built environments. Second, by penetrating the desert (93% of the total area) to double
the inhabited areas and agricultural lands (from 7% to 14.5%), such as with the New Delta
Project, Figure 6a, which aims to achieve food self-sufficiency. It is noteworthy that the state
controlled the phenomena of infringement on agrarian land through intensive penalties
(Law 164/2019), which peaked in the aftermath of the January Revolution of 2011.
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(accessed on 15 October 2022). (b) Progress on a project’s canal lining, implemented to improve road
quality and enhance water efficiency and climate adaptation (taken by Ahmed Abouaiana).

On the other side, the government aims increase the amount of reclaimed agricultural
land by showing the potential of considering them as energy baskets and employing energy
communities since the early planning. Table 1 summarizes the state trend in supporting
agriculture and food security.

Table 1. Amount of annual infringement on agricultural land and reclaimed ones, by roughly one
thousand acres—“feddan” [44].

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020

Agricultural land Infringements 15.6 14.8 12.9 9 8.1 8.7 4.2 2.5 2.9
Reclaimed lands 39 22.9 22.6 14.5 38.5 38.9 59.2 115.7 81
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The presidential initiative Decent Life “Haya Karima” is the central pillar to achieving
sustainable rural development in Egypt. The main objectives are to improve the quality of
life and regenerate the existing built environments through intensive and instant interven-
tions. For instance, renovating public buildings and dwellings, offering job opportunities,
agriculture development, and developing infrastructure, Figure 6b. It is split into three
phases, according to the poverty rate: greater than 70% (2019–2021, completed), 50–70%
(from 2021 until three years after, currently running), and less than 50% (the completion
date 2030) [45,46]. Reference [47] visualizes examples of these interventions.

3.3.2. Bottom-Up Practices: Literature Review

Many practices have been implemented in rural settlements in Egypt to achieve sus-
tainability in general and meet energy demands from RE at different scales, such as mono-
buildings, multi-buildings, and farms. Scholars have discussed these issues for more than
three decades [48]. For instance, Ahmad [49] provided a technoeconomic assessment of rural
dwellings; their life cycle costs are competitive with other conventional energy sources.

Abdelsalam et al. [50] implemented decentralized photovoltaic (PV) solar cells on the
rooftops of five buildings in two villages, with a total capacity of 11 kW. Shouman [51]
provided a stand-alone solar system (off-grid) for a dwelling, with a daily consumption of
4.555 kWh, in remote areas as an optimum solution for villages with no access to centralized
electricity power. She stated that solar energy systems are sustainable technological solu-
tions for rural electrification and are cost-effective compared to expensive grid extensions
in remote areas.

Nemr et al. [52] have provided technoeconomic optimization for alternatives of stand-
alone RE systems applied in rural areas to cover the energy load of domestic, agricultural,
greenhouse system, and fish farm loads (a total of 365 kWh/day). They recommended a
hybrid system according to the cost and fulfillment of the required loss of power supply
probability term.

Mohamed [53] mentioned that solar energy is efficient in remote areas, and the return
on investment is much better-recommended than conventional power supplies. He stressed
the importance of providing economic incentives and equipment and encouraging agricul-
tural investors to rely on solar energy solutions by providing the system’s components and
financial support.

Ibrahim et al. [54] recently provided technoeconomic optimization of proposed de-
centralizing solar energy in an industrial building, school, and farm in remote rural areas
(a total of 10.8 kWh/day). They focused on developing storage systems (batteries) that
significantly increased the efficiency of the PV system in all case studies and decreased the
cost in both buildings by an average of 65%.

At a large scale, Heliopolis University [55] discussed the impact of their projects;
beyond harvesting the RE and meeting their demands from RE, they showed how their
sustainable agricultural practices, mainly using bioenergy, reduced 11,930 tCO2e of Egypt’s
share. In this light, they proposed developing “a national framework for emissions reduc-
tion and carbon credits from the agricultural sector.” They discussed that the promising
future of the “Agricultural Carbon Credit” could follow two paths: certified emission re-
ductions via registering for the development mechanism or voluntary emission reductions.
The author emphasizes the last pattern that exists in Egypt but still needs more visibility.

Fortunately, on 6 November 2022, the Egyptian Exchange established the Carbon
Certificates Trading Company, in partnership with the Agricultural Bank, as the first
platform to enable the carbon certificate trading mechanism [56]. It came true after a few
months of discussion [57], reflecting a dramatic change at the national level.

3.3.3. Bottom-Up Practices: Field Study

Recently, the author has implemented a field trip to a nearly zero-energy private farm
in Ismailia Governorate, Suez Canal Region in eastern Egypt, located at longitude 30.498597
and latitude 32.076638, with a total area of 15 feddan. The owners aimed to provide a

164



Land 2022, 11, 2237

prototype of a self-sufficient agriculture community. The project offers typical farming
activities: livestock, fisheries, and farming. Consequently, it has the necessary equipment
(e.g., pumps, refrigerators, heaters, and washers) and a few buildings (accommodation,
stores, industry, and a lecture hall).

Different RE sources were established to meet the annual electricity demand
(100,680 kWh), namely solar energy (on-grid and off-grid), wind turbines (horizontal and
vertical), and hybrid systems, Figure 7a. This system is more efficient than the mono one
(supporting the results of Reference [58]). This mix produces 96,372 kWh annually, which
covers 96% of the total, considering that pumps and the associated equipment consume
the majority (58%), followed by ventilation (19%), other equipment (17%), and lighting
(6%)—showing the importance of energy-efficient irrigation and pumps in similar realms.
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Figure 7. Different implementations promote the REC concept in rural Egypt. (a) A hybrid off-
grid system. (b) Multi-function land use: parking shading and producing electricity to balance
consumption in the adjacent activity (solar pump). (c) The manager describes a micro-scale practice to
generate green hydrogen. (d) The first self-consumption social building in the village and surrounding
ones. (Images taken by Ahmed Abouaiana.)

In contrast, biogas units were implemented to meet the annual gas demand of 14,364 m3

(21% for kitchens and 79% for animal wards and barns) and manage waste (25.8 tons). The
units produce gas with a surplus of 15% and produce 1.3 tons of compost yearly.

It is noteworthy that the author discussed multi-function land use (Figure 7b) with the
manager, specifically, the agrivoltaic concept. The manager was willing to apply the idea to
a small agricultural area that requires shading (it already exists and uses a conventional
shading device). Moreover, the farm developed a micro-scale implementation to produce
green hydrogen, and the system is under development, Figure 7c.

On a different scale, the author implemented a self-consumption building (service
building) of a non-governmental organization (NGO) that consumes 100% of generated RE
(3 kW plant capacity) in January 2022 [5]. The author declares the project is not feasible
economically, in terms of the long payback period, because of the high cost of the batteries
and annual maintenance fees. However, this project was implemented as a pilot project,
with a clear intention to create momentum for the core of the renewable energy communities
concept.
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Considering that the author discussed (the NGO founder) a possible volunteer col-
laboration to develop the vast area in front of a building (Figure 7d) through temporary
outdoor activities for kids with a client, the fence of the building will have lighting, which
will be operated from the installed PV, to light both the building and the surrounding
area, showing another prospective positive impact of this intervention. It is noteworthy
that the author was invited to an interview on national TV to discuss this intervention a
few days after implementing it [59], indicating the special attention of decisionmakers to
scientific research and bottom-up practices as well, which also supports the argument of
this manuscript.

Figure 8 shows an imaginative example of an actual case study in Lasiafr Albalad
village in northern Egypt, showing prospective investment in PV cells by families within
the existing legal framework. Each family within the same building internally arranges
their consumption and monthly electricity prices. This ambitious proposal may succeed,
especially in extended family buildings (e.g., father and sons), with the argument that
they can maintain a cooperative level. The author aims to implement this rudimental idea
within his research line to provide a positive social impact on his original community.
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Figure 8. An imaginative vision of a collective PV production (net metering scheme). The model was
generated by the author using 3ds Max.

4. Discussion

In Europe, the progress of liberalizing the electricity sector and renewable energy
communities was initiated over two decades until it settled into the legal framework
(Directives (EU) 2018/2001 and (EU) 2019/94). Energy Communities are the heart of
innovation in the energy sector. Despite the associated vagueness at the national EU
level, according to Rossetto, the concept’s core covers broad domains in European policies
(Figure 3). The obvious takeaway from the European experience is the focus on citizen
engagement as an active contributor through the value creation of RE.

This study contributes to the local context by generating momentum to support
decision-making in Egypt—which is witnessing intensive and rapid development (new
projects and retrofitting the existing ones) in addition to hosting COP27, which will indeed
affect the scene and increase opportunities for the paper’s argument, as well as having
already positively impacted RE laws (EgyptERA decree 6/2022)—via promoting the rural
energy community as a pillar to support land, agriculture, and rural development and
accelerating the transition towards low GHG emissions from the agriculture and energy
sectors. Both represent 75–80% of the total (352 MtCO2e in 2019), which increased by 19%
compared to 2009 [60]. Thus, the concept is optimal for revitalizing the productive nature
of rural commons, as recommended by Abouaiana and Battisti, besides the introduced
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rational argument in Figure 1. Moreover, rural commons can be a safe haven for the country
under global uncertainties and their associated threats.

4.1. Key Concept Juxtaposition in Legal Framework (RQ1 Answer)

The overview of climate–energy–land policies proved that they are intermingled at a
sectorial level, and that the government has started a high level of coordination in recent
years among the sectors from the top of the planning pyramid, beginning by arranging
institutional frameworks since launching Egypt Vision 2030, where MPED plays the pivotal
role in achieving that, in addition to establishing the dedicated entity NCCC. On the other
side, it proposes the inclusion of, for the first time, carbon policies with energy action plans,
creating climate benchmark NCCS policies, and developing key performance indicators to
measure the progress towards the sustainable development goals. Despite this, seeing the
effects of these policies on the bottom levels still requires time.

Electricity policies have improved since the introduction of Law 87/2015, which, with
NAEEP, aids in liberalizing the sector. However, Kamal [61] stated that the transition to a
genuinely competitive market in Egypt still requires more time. Thusly, she highlighted
that blockchain applications in sector management could speed up the transition, such as
electric energy exchanges through smart electronic contracts to allow customers to choose
between many energy suppliers who provide electricity at competitive prices.

In the same context, there is a meaningful improvement in electricity production.
However, RE transition in Egypt is sluggish, being below the target of the RE share in
electricity generation (20% in 2020), possibly because of the massive expansion of other
conventional power plants [62]. Salah et al. [63], in their holistic investigation of RE
transition in Egypt, emphasized that the current regulations slow down the development of
the RE sector, such as the “non-harmonized regulations between the government sectors.”
Notwithstanding, the author may differ from them, as this study showed the coordination
level. The author believes there is “no roadmap without a narrative” [64], and this study
tries to contribute to this belief.

Consequently, localizing RE industries can inevitably reduce the high cost or lack of
competencies radically, and it is the role of the state to provide sufficient enabled policies.
Meanwhile, the economic incentive is insufficient, needs clear strategies, and should be
more visible and competitive to the local community and individuals.

The state pays considerable attention to rural agriculture development, which is almost
centralized and intensive, represented in reclaiming new lands (Table 1), and implementing
new projects. For instance, the New Delta Project represents nearly 0.9% of Egypt’s area (2.2
million feddan). Likewise, in regenerating existing environments, the philosophy is clear
enough in defining the intensive interventions and rapid correction actions that burden
the state, in light of the well-known global economic challenges, and Egypt primarily.
Each may affect the optimal implementations of these trends (settled in regulations) at the
micro-levels. Therefore, when developing the deteriorated contexts, the priorities would be
to rapidly achieve the essential aspects of human needs, even if in a conventional way.

For instance, decent houses instead of deteriorated ones, clean water, infrastructure,
enhanced internet, and public buildings to decentralize governmental services will surely
enable employing RE gradually in further steps. As supported by the Food and Agri-
culture Organization, the gradual increase in the use of RE and considering the natural
resources nexus can make agriculture and rural development more energy-smart and
energy-efficient [65,66]; this is on one side. On the other, developing energy infrastructure
and networks accelerate liberalizing the market, as emphasized in Reference [67].

Despite this, it cannot be dispensed that reversing adaptation and mitigation ef-
forts [68] and renewable energy and low-emissions policies, proportionately with this rapid
development’s pace, is inevitable, and it should be carefully planned to be considered
on the grounds of maximizing the development impacts [69]. Concomitantly, providing
national sustainability guidelines for agriculture-based urban communities is absolutely
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essential, as about 90% of Egypt’s area is desert that can still be innovatively and sustainably
developed.

Indirectly, the core of REC is included in the policies, like in the European case
(Figure 3). In contrast, the core of CEC and effective citizen engagement in development,
in general, are absent in the scene. For example, Haya Karima follows a participatory
approach among the stakeholders: institutional entities, civil society, and the private sector
are contributors to the implementation and monitoring of their activities. At the same time,
the local communities and citizens participate in determining the requirement. However, it
could be a user-centered development [70]. The author believes it is essential but is limited.
In the meantime, it seems that it is too early to target the citizen until the model gets settled
into regulatory framework.

The author would say that citizens should be more engaged as active contributors,
which is one of the vital difference points with the EU policies [71]. Because they can
provide collaborative and innovative solutions, both are inevitable in sustainable rural
agricultural development in Egypt [72], especially in energy issues, as promoted in Ibrahim
et al.’s study and as emphasized in Ambole et al.’s experiment.

The agricultural cooperatives should be enabled to invest in RE with clear support
from the government. They can contribute as a first step toward rural energy communities,
such as in France [73], Germany [74], Portugal [75], and Spain [76], or in less developed
European countries such as Poland’s case. Logistic and economic support from the state in
rural energy transition is essential in developed countries such as the United Kingdom [77],
a fortiori in Egypt.

4.2. Concept Localization On-Ground (RQ2 Answer)

From a bottom-up perspective, the REC’s core exists on-ground, represented by micro-
scale projects. The vast decentralized interventions are mainly for rural, remote areas and
agricultural supplies, mostly off-grid solutions [78]. This remains an efficient solution
despite the high cost of batteries and storage systems. The author implemented a zero-
energy building in a village in Egypt (Figure 7d), utilizing a transdisciplinary participatory
approach [79]; the locals determined the target building, supported establishing the project,
and appreciated it. Notwithstanding, a similar process was implemented in rural Italy [80].
Both reflect that the local community can contribute if they have the chance. Accordingly,
combining top-down with bottom-up approaches is inescapable.

On the other side, the role of the private sector and PV suppliers is to pay more
attention to these business opportunities, as well as to carbon certificates that are circu-
lating these days. Meanwhile, negotiations with them (from the researchers or the local
authorities) shall support these projects (at an individual scale). In other words, prospect-
ing for private sector entities with a corporate social responsibility policy would provide
financial and technical support. Vice versa, this can provide them with benefits, such as job
opportunities, revenue, and a good reputation in the local market. Interested stakeholders
in energy, climate, and sustainable rural and agriculture development domains should
seize the anticipated advantage post-COP27 to support decision-making and enhance our
built environment.

5. Conclusions and Implications

In a nutshell, the rural energy community is a new actor that can decarbonize the
entire energy sector [81], accelerate reaching Vision 2030 goals, support quality of life,
and mitigate poverty in Egypt, as found by Belaïd [82]. This is the first study discussing
the concept of rural energy communities in Egypt in their legal EU form. It presented
a macro-level discussion of this new actor by providing insights to explain the current
state of knowledge and a better understanding of the institutional context. In addition, it
highlighted the potential of developing the concept, which is a fact in Egypt, as proven by
the presented micro-scale practices, such as the self-sufficient community (Ismailia farm)
(Section 3.3.3). Furthermore, multi-functional land use can support this and maximize the

168



Land 2022, 11, 2237

government’s ongoing targets to double the inhabited areas and expand agricultural land,
which has already started in recent years.

Eventually, this study—distinctly—confirms it is not an attempt at Europeanization of
the local context, but it attempts to highlight the cutting-edge, transferring technologies from
developed countries [83] and maximizing the researchers’ role as knowledge brokers and
acting as mediators between the local society and authorities, which can support the decision-
making and raising of locals’ awareness, which is crucial to preparing for social acceptance
of energy transition [84,85], especially in agricultural and rural communities [86,87].

The knowledge highlighted in this study can be a good foundation point for future
work. Although the discussion of the top-down approach and limited case studies may
not generalize the results on a wide scale in this initial study, they were comprehensive
in nature. The results may also provide a direction in which to generalize the approach
to urban contexts. Until the energy sector reaches complete liberalization, this study
recommends that other investigations be conducted in the aftermath of COP27 to assess its
influences and provide additional insights that can support the agricultural security and
energy transition leading to a low-carbon future in Egypt.
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