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Abstract: “Land Use and Land Cover Change (LULCC)” is increasingly being affected by ecosystem
services value. LULCC patterns have been subjected to significant changes over time, primarily due
to an ever-increasing population. It is rare to attempt to analyze the influence of such changes on a
large variety of ecosystem benefits in Madagascar island. The economic value of ecosystem services
in Madagascar island is evaluated throughout the period from 2000 to 2019. The expansion of the
human population affects the changing value of ecosystem services directly. The PROBA-V SR time
series 300 m spatial resolution cover of land datasets from the “Climate Change Initiative of the
European Space Agency (ESA)” were used to measure the values of ecosystem activities and the
changes in those values caused by land use. A value transfer method was used to evaluate the value

of ecosystem services to land use changes on Madagascar island. The findings show that from 2000
to 2019, at the annual rate of 2.17 percent, Madagascar island’s ecosystem service value (ESV) grew
to 6.99 billion US dollars. The components that greatly contributed to the total change of ESV were
waste treatment, genetic resources, food production, and habitat/refugia. These components in 2000
contributed 21.27%, 20.20%, 17.38%, and 13.80% of the total ESV, and 22.55%, 19.76%, 17.29%, and
13.78% of the total ESV in 2019, respectively. Furthermore, it was found that there was a great
change in LULCC. From 2000 to 2019, bare land, built-up land, cultivated land, savannah, and
wetland increased while other LULCC types decreased. The sensitivity coefficient ranged from
0.649 to 1.000, <1, with forestland registering the highest values. Wetland is in the second position
for the most important land cover category in Madagascar, considering the total value of the
ecosystem. The value of ecosystem benefits per unit of the land area was higher on cultivated land,
despite the relatively low fraction of cultivated land area across these eras. The sensitivity indices
of seven land types from 2000 to 2019 were mapped to understand better the geographical
distribution patterns of ESV’s “equivalent value coefficient” (VC) across various land uses. It is
suggested that the ESV should be included in Madagascar’s government land-use plan to manage
it effectively and efficiently with fewer negative effects on the ecosystem.

Keywords: ecosystem service value; benefits transfer; sensitive analysis; Madagascar island;
agricultural expansion; land use and land cover change (LULCC)

1. Introduction

Ecosystem services value (waste assimilation) and goods (food) fall under the
category of ecosystem services, which refers to the benefits gained from ecosystem
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functions [1]. Nevertheless, services, including cultural services (such as aesthetic and
recreational values), regulatory services (such as water purification and climate
regulation), and provisioning services (such as fuel, food, and water) have a direct effect
on people’s lives while supporting services (such as erosion control and soil foundation)
have a more indirect effect [2-4]. Additionally, land use and land cover changes have
affected these services. While humans have been modifying the earth for thousands of
years to produce food, fiber, fuel, and other necessities, the current rate, scope, and
severity of change are unprecedented compared to the past [5]. Due to rapidly expanding
populations, development of the economy, and urbanization, LULC has changed
dramatically in recent decades, shifting from the woods, savannahs, and other native
lands to croplands, pastures, and urban regions [6,7]. By 2050, the increase in agriculture
areas, mostly from forests, is expected to reach 13 million ha/yr [2]. Furthermore, around
40% of the planet’s surface is cultivated or used for grazing [8]. Due to the influence of
LULC on natural ecosystems, they have become less capable of supplying goods and
services to society in the present and the future [4,9]. Planting trees, cultivating crops, and
building urban areas have led to enormous increases in food production, fiber, and timber,
as well as housing and other things worldwide; report shows that the increase in
biodiversity has caused 60% of ecosystem services to decline during the last five decades
[10]. Global concerns are rising regarding minimizing the negative impacts of
urbanization and economic development on the world’s natural ecosystems and the
products and services that ecosystems produce [11]. Despite this, most ecosystem services
they provide are regarded as public goods, which the market does not capture. The
economic value of ecosystems is often not fully recognized, which can lead to
unsustainable land use decisions. The objective comparison of the potential impacts of
different land use options and decision-making that promote sustainable land use can be
performed by the assessment of the ecosystem services value [12,13]. By understanding
and valuing the benefits that ecosystems provide, more informed choices that balance
economic development with the protection of biodiversity and the provision of essential
ecosystem services can be made [4,14].

Understanding the way ecosystem services are provided and valued at a multi-scale
level is necessary to link environmental protection with human prosperity. Indeed,
population dynamics are an important factor having strong environmental impacts
[11,15-17]. Most experts concur that a solid understanding of the direct and indirect ways
various land-use and land-cover (LULC) components’ give goods and services to people
is essential to efficiently manage and protect the services provided by nature [6,18,19].
Therefore, the knowledge of the processes involved in classifying LULC over place and
time must be improved [20]. Standard approaches to value ecosystem services highlight
this fact by estimating the value of specific services in a given area and then extrapolating
those values to similar regions with similar habitat types [21]. Determining geographic
patterns of ecosystem service value (ESV) is more complicated due to the number of
classification algorithms used to create LULC datasets [22]. There have also been
numerous attempts to put a monetary value on ecological services. Although it is
plausible to know which LULC categorization or economic valuation procedures may be
more accurate, some may be more suitable under certain circumstances [20]. Accessibility
might vary depending on factors such as available time, money, and level of expertise. As a
result, the best methods may not always be used, which can lead to inaccuracies or
inappropriate choices being made. Therefore, it is crucial to comprehend how alternative
valuation strategies influence the outcomes upon which management decisions are based [23].

Various methods have been discussed in the literature, such as market prices and trip
costs, expressed preferences (such as choice experiments and contingent values), approaches
based on cost (such as substitution and preventable costs), plus benefit transfers [24]. A
secondary valuation method, the Benefits Transfer Method (BTM), acclimates formerly
established estimates based on original assessment studies in various locations to regions with
similar ecological, economic, and demographic characteristics [25].
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Since the 1990s, BTM has been broadly utilized in numerous environmental policy
and natural resource contexts, including water quality management. Since the 1990s,
health risk assessments for water quality, waste management, and forest management
have been conducted [26-28]. BTM calculated the worldwide economic worth of 16
biomes’ 17 ecosystem services. An expanded database of over 300 case studies worldwide
was used to obtain the updated estimates. Changes in ecosystem services value could be
analyzed using underlying data and algorithms at different scales [1,12].

Even though human actions affect ecosystems all over the world [29], the effects are
most noticeable in the tropics [14], where agriculture is vital [30,31]. Tropical rainforests
have the most biological diversity on land; however, they are continually being destroyed.

Only a few studies on LULC change have been conducted across Madagascar’s
provinces [32], indicating a lack of national information on LULC change. Furthermore, a
quantitative assessment showing the ecosystem service value changes is rarely assessed,
mostly covering the whole country, including provinces, regions, and towns [33]. In
addition to examining the changing characteristics of LULC in Madagascar, there are no
local or national estimates of these consequences which is essential information required
in this kind of study [34]. Therefore, this study represents the first data about linking land
use change to loss/gain in ecosystem services in Madagascar island.

It is well-known that the monetary worth of ecosystem services changes gradually
with time. Therefore, in this investigation, the change in spatial variations over time has
been taken into consideration. The present study employs methods to evaluate various
management zones of Madagascar island based on the ecosystem services they provide.
Key management areas were pinpointed and ranked in order of priority. Management
plans to protect the unique biodiversity of Madagascar island and consider the needs of
the people who live in the provinces where the biodiversity is found. It, therefore,
provides a highly relevant case study for assessing the impact of the implementation of
different methods to measure nature’s utility to society. In addition, this study intends to
fill up the knowledge gaps left by prior studies on LULC change by using data from Land-
Use and Land-Cover Changes in Madagascar island from 2000 to 2019. Furthermore, the
present research attempted to answer two primary questions:(1) What happened to LULC
in Madagascar island between 2000 and 2019? (2) How did this period’s LULC dynamics
affect the values of the ESV and the other ecosystem functions?

This study hypothesizes that changes in LULC patterns significantly affected the
deterioration of natural ecosystem service functions over time. Overall, ESV across
administration zones was compared using the current value over a given time frame and
across space and time on a multi-scale level. By using these methods, this paper could
show ecosystem managers the results that can be obtained from the available data. In light of
this astronomical expansion in the human population, the already-stretched limit of finite land
resources will put additional strain on the country’s environment and raw forest resources.

2. Materials and Methods
2.1. Study Area

Madagascar, the world’s second-largest island nation, is one of the megadiverse
countries with a high concentration of endemic species, located in the Indian Ocean
between latitudes 22° 66’ and 23° 31’ S and longitudes 43° 46" and 44° 05’ E (Figure 1). The
island is bordered on the west by the Mozambique channel and the east by the Indian Ocean,
with a total size of around 592,800 square kilometers [35]. The island’s ecosystems include
reefs, drylands, mangroves, wetlands, lakes, rivers, steppes, savannahs, and forests [35].

Madagascar’s population increased from 15.77 million to 26.97 million between 2000 and
2019. In 19 years, the population expanded by 11.2 million (71%), demonstrating significant
population expansion [36]. The ecological environment is deteriorating, and environmental
resources are diminishing as population and land urbanization continue to expand.
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Madagascar island has two distinct seasons: the hot and rainy season, which goes
from November to April, and the colder and dryer season, which extends from May to
October. Along with receiving the highest and most regular rainfall, the east coast receives
a maximum of 3700 mm of rainfall each year. The climate on the east coast is sub-
equatorial, and easterly trade winds influence it. The western coast of the States is often
drier than the rest of the country and suffers from a substantial level of coastal erosion.
The southwest and the extreme south are classified as semi-arid regions since they receive less
than 800 mm of precipitation yearly. On average, temperatures along the coast range from 23
°C to 27 °C, while temperatures in the interior mountains range from 16 °C to 19 °C [37].
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Figure 1. Map showing the location of major provinces in Madagascar and geographical zones
(Source: [38,39)).

2.2. Data Sources

The European Space Agency-Climate Change Initiative (ESA CCI) provided data
about land cover between 2000 and 2019. Information on long-term variations in land
cover from 2000 to 2019 is shown in the ESA CCI’s land cover products at a 300 m
resolution and is based on yearly data [40]. Thirty-seven original land cover types
described in this dataset (UN-LCCS) are classified by applying the “United Nations Land
Cover Classification System” [40,41]. Recent years have seen a rise in the number of case
studies that use this dataset to investigate the accessibility of information regarding land
cover [42,43]. In total, 2600 primary sample units and an object-based validation database
were created to assess land cover accuracy [40], with a weighted-area accuracy of 71.1%
[44]. Specifically, among the coarse-resolution datasets, the highest overall accuracy was
Madagascar’s ESA CCI land-cover data [45,46]. Thus, ESA CCI land cover data can offer
insightful information for specified locations in Madagascar. The nineteen-year land cover



Int. ]. Environ. Res. Public Health 2023, 20, 3060

5 of 22

maps are analyzed in this study using 19 different categories. Table 1 shows Madagascar’s
land cover classification.

Table 1. The classification of Madagascar’s land cover.

Land-Cover Types

The E.S.A. C.C.I. Land Cover Maps’ Codes and Types

10 Land to grow harvested crops, non-irrigated land
Cultivated land 11 Herbs‘ favorable areas .

30 Mosaic cropland (>50%)/natural vegetation (tree, shrub, herbaceous cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%)/cropland (<50%)
50 Tree cover, broadleaved, evergreen, closed to open (>15%)
60 Tree cover, broadleaved, deciduous, closed to open (>15%)

Forest 61 Tree cover, broadleaved, deciduous, closed (>40%)
62 Tree cover, broadleaved, deciduous, open (15-40%)
100 Mosaic tree and shrub (>50%)/herbaceous cover (<50%)
110 Mosaic herbaceous cover (>50%) tree and shrub (<50%)

Shrub 120 Land covered by small bushes and trees
122 Deciduous shrubland

Grass 130 Meadow

Wetland 170 Tree cover, flooded, saline water
180 Shrub or herbaceous cover, flooded, fresh/saline/brackish water
Built-up area 190 Urban regions
150 Scanty vegetation (<15%)
Desert area 200 Deserts
Water area 210 Water bodies
Important factors were adapted from the ESA CCI land cover.

Madagascar, with the 16 biomes identified by [12] and the closest matching biome,
was utilized as a surrogate (Table 1). Cultivated land was utilized by cropland; forest by
tropical forests; scrublands and grassland for rangelands and grass; built-up land for
urban areas; and the bare regions for desert, tundra, ice, and rock. Savannahs are the collective
term for grasslands and scrublands, which occupy the same comparable biome. (Table 2).
Table 2. ESV coefficients (US$ha! 1 yr!) of the corresponding biomes for Madagascar Island LULC
types [1].

Service Type Sub-Type CuL FoS SaH WeL WaB BiU BaL
Provisioning Food production 2323 200 1192 952 106 0 0
Raw materials 219 84 54 416 0 0 0
Regulating Gaz regulation 0 12 9 0 0 0 0
Climate Regulation 411 2044 40 200 0 905 0
Disturbance regulation 0 66 0 4596 0 0 0
Water regulation 0 8 3 1789 7514 16 0
Water supply 400 27 60 959 1808 0 0
Waste treatment 397 120 75 111,345 918 0 0
Supporting Control of erosion 107 337 44 3507 0 0 0
Formation of soil 532 14 2 0 0 0 0
Cycling of nutrient 0 3 0 577 0 0 0
Pollination 22 30 35 0 0 0 0
Control of the biology 33 11 31 303 0 0 0
Habitat/refugia 0 39 1214 12,452 0 0 0
Resources that are genetic 1042 1517 1214 243 0 0 0
Recreation Recreation 82 867 26 2199 2166 5740 0
and culture Cultural 0 2 167 636 0 0 0
Total Value of Ecosystem 5568 5381 4166 140,174 12,512 6661 0

Important factors “Cultivated land, forests, savannah, Wetland, water bodies, built-up land, and

bare land” represent CuL, FoS, SaH, WeL, WaB, BiU, and BaL, respectively.
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2.3. Methods

The methodology is represented in Figure 2, and the sensitivity of ESV to LULCC
was analyzed.

2000 o @ 2019 ) @

Legend
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I:l Savannahs 4’ Savannahs
[ IWetland [ IWetland
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[ |BareLand [ |BareLand
0 75 150 300 0 75 150 300
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Figure 2. Madagascar island LULC spatial distribution (a) 2000 and (b) 2019.

2.3.1. Ecosystem Service Assigned Values

The BTM-based value coefficients employed were used by Costanza et al., 2014 [12].
Their valuation coefficients were utilized for three main reasons in our study. First, they
estimated 17 ecosystem service functions and 16 major biomes, making them the most
comprehensive value coefficients. Second, valuation studies in Madagascar mainly
concentrated on the inland wetland biome [47]. There is an economic estimate available
for providing services. However, the estimation is likely to understate the biome’s
economic value because wetlands supply a significant number of additional services that
are highly valued [12] as well as recognized in Madagascar [48,49]. Finally, due to the
limitations imposed by the scope of our investigation, we could not make any estimates
for the ESV total for additional biomes. We contrasted the eight forms of LULC found in
Madagascar (Table 1) with the 19 different biomes reported by [12], and the biome that is
closest in comparison was used as a surrogate.

2.3.2. Calculation of ESV

Constanza’s ESV evaluation model is used as well as other studies to compute the
overall ESV in Madagascar and each state [50,51]:

ESV, = Z":(Ak, xVC,) 1)

k=1
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where VC, is the ecosystem services value coefficient (US$ha! yr-) of the LULC Type

k, A, isthearea (ha) of the LULC type 4,, atatime and ESV, isthe estimated total
ESV at the time ¢.

ESV time change was computed with the formula;

(Esv, - ESV)

ESV, = x100% @)

h

During the observation period f, to f,, ESV’s change rate is ESV, , at the

conclusion and start of the observation 4, and {; the total estimated ESVis ESV, and
ESV, , respectively.

To determine LULC alterations effect on every ecosystem function, the value of each
ecosystem function in terms of the services it provides is computed with the formula:

ESV, = Z(Akt xVCy ) ®)
k=1

where ES Vft is the estimated ESV of function f at timet, A, is the area (ha) for the

LULC type k, and VC, is the coefficient of ecosystem service value of the function
(US$ha! yrt) for the LULC type k.

2.3.3. Sensitivity Analysis

As an essential component of the ESV estimating process, we used a sensitivity
analysis to effectively validate the elasticity between the “total ESV” and the “equivalent
value coefficient (VC)” of different types of land use [52,53]. If both the VC’s elasticity and
the evaluation outcome are reliable, an elasticity number greater than one would indicate
that ESV was elastic with respect to VC.

The idea of elasticity from the discipline of economics was utilized in this research to
determine the degree to which the overall ESV is sensitive to the local VC of various land
uses [54]. Adjustments of up to fifty were made to the corresponding parts of each of the
seven land use types to determine how much ESV depends on VC factors. The particular
equation for the computation is represented below:

|(Esv, - EsV,)/ Esvi]
_‘ (vc, -vc,)ive, ‘

(4)

CS denotes the sensitivity coefficient in this Equation (4), ESVi and ESV; denote the
value of the ecosystem service before and after adjustment, respectively, while the VCi
and VCi denote the equivalent value factor of the kth land use type consecutively before
and after adjustment.

3. Outcomes
3.1. Land-Use/Land-Cover(LULC) Pattern in Madagascar Island

Figure 2 shows the spatial distribution of Madagascar’s LULC patterns in 2000 and
2019. In the LULC categorization, Savannahs occupied the most territory in 2000, making
up over 58.20% of the total area [41]. Agriculture and forests also have large areas, making
up 13.4% and 25.8% of Madagascar’s total land area. The other LULC types (bare land,
built-up land, water bodies, and wetlands) only made up 2.6% of Madagascar’s total land
area (Table 3).
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Table 3. Madagascar island LULC change (sq. ha) conversion matrix from 2000 to 2019.

103 Bare Land Built-Up Cultivated Land  Forest Savannah Water BodiesWet Land Total 2019 %Year 2019 Direction Change

Bare land 396.61 0.05 2.19 5.64 428 0.32 409.09 (0.69) 1
Built-up 0.14 34.62 2.80 0.26 10.48 0.28 0.70 49.29 (0.08) 1
Cultivated land ~ 0.07 0.00 7582.83 576.83 100.78 8.56 1.80 8270.89 (13.92) 1
Forest 0.06 0.00 165.97 14,102.27 564.44 10.61 1.39 148,44.74 (24.98) !
Savannah 0.63 0.00 197.86 648.18 33,890.31 7.33 3.30 34,747.61 (58.46) 1
Water bodies 2.04 0.95 2.04 9.64 415.15 2.57 432.39 (0.73) !
Wetland 0.39 0.00 247 1343 7.66 41.81 614.86 680.63 (1.15) 1

total2000 399.95 34.62 7952.95 15,345.21  34,588.95 488.01 62494  59,434.64

% year 2000 0.67 0.06 13.38 25.82 58.20 0.82 1.05

Important factors were the percentages of each LULC type for the corresponding years shown in
the parenthesis numbers.

3.2. Land-Use/Land Cover(LULC) Change in Madagascar Island from 2000 to 2019

Bare land, built-up land (savannah, agriculture), and wetlands increased from 2000
to 2019, whereas other classes of LULC decreased (Table 3). At an annual rate of 0.21%,
317.94 ha of cultivable land was developed during the research period, 25.8% less than the
bare land in 2000. At an annual rate of 0.02%, the savannah expanded to approximately
158.66 ha, the wetland to approximately 55.69 ha, the built-up area to approximately 14.67
ha, and the undeveloped land to about 9.14 ha. It is estimated that aquatic bodies lost
11.4% of their initial surface area in 2019, while woods reported losses of 3.26%.

3.3. Estimated Changes in Ecosystem Services on Madagascar Island
3.3.1. Change in total ESV from 2000 to 2019

According to [12], the value of Madagascar’s ecosystem services (ESV) was assessed
at 364.88 billion dollars in US dollars in 2000 (Tables 4-6). Savannah was the most
significant contributor to this total (about 34.49%), and it was followed by wetlands,
forests, and cultivated land, which contributed 24.01%, 22.63%, and 12.14%, respectively.
Water bodies and white built-up lands were 1.67% and 0.006% of the total ESV,
respectively.

From 2000 to 2019, ESV increased the natural ecosystem in Madagascar island by
5.41%, from US $320.37 billion to US $325.49 billion per year (Tables 4-6). This natural
landscape’s aggregate ESV gain, charged in the wetland for the total ESV loss, decreased
by 13.78% and 152.50%, followed by Savannah with 13.86%. In comparison, water bodies
and forests contributed to the total ESV loss with a decrease of 13.78% and 52.6%,
respectively. A comparison of artificial ecosystems (i.e., built-up and cultivated land)
shows that the overall ESV increased by 4.37%, from US $2.34 billion to US $2.44 billion
per year, with 97.38% of that growth coming from cultivated land. From 2000 to 2019,
Madagascar’s ESV grew by US $6.99 billion, or 2.17% yearly.

The administrative provinces show that ESV was highest for Mahajanga province
(92.12 billion US $), Fianarantsoa province (US $51.82 billion), Toamasina province (US
$47.17 billion), Antsiranana province (US $32.42 billion) and Antananarivo province (US
$26.59 billion). Savannah largely contributed the ESV for these provinces in Mahajanga
(37.89%), Toliary (48.70%), Fianarantsoa (47.02%), and Antananarivo (79.41%); Forests in
Toamasina (38.51) and Antsiranana (32.74%); Cultivate land in Toamasina (28.51%)
Antananarivo province was the one with lowest ESV (US $26.59 billion) mainly caused by
Savannah (21.11%). The rate of change in ESV increased from 2000 to 2019 in all six provinces.
Mahajanga province shows the highest ESV rate (2.91%). Followed by Toliary (2.01%),
Toamasina (1.97%), Antsiranana (0.71%), Fianarantsoa (0.50%) and Antananarivo (0.20%).
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Table 4. Madagascar’s Ecosystem services value (ESV) by land-use type and changes in 2000.

The Year 2000 (10°$) Provinces Bare LandBuilt-UpCultivated Land Forest

Savannah Water BodiesWetlandGrand Total

1 Antananarivo 0 0.05 1.36 3.62 21.11 0.19 0.25 26.59
2 Antsiranana 0 0.03 5.73 9.97 5.76 0.31 10.61 32.42
3 Fianarantsoa 0 0.03 11.53 11.48 24.36 0.31 4.11 51.82
4 Mahajanga 0 0.04 4.63 18.62 42.95 2.49 44.62 113.35
5 Toamasina 0 0.03 13.45 18.07 5.04 0.81 9.77 47.17
6 Toliary 0 0.06 7.57 20.81 44.86 1.74 17.09 92.12

Table 5. Madagascar’s Ecosystem services value (ESV) by land-use type and changes in 2019.

The Year 2019 (10°$) Provinces Bare LandBuilt-Up Cultivated Land Forest Savannah Water Bodies Wetland Grand Total

1 Antananarivo 0 0.13 1.32 3.84 20.92 0.21 0.22 26.64
2 Antsiranana 0 0.00 5.94 9.50 5.97 0.27 10.97 32.65
3 Fianarantsoa 0 0.00 11.58 10.97 24.70 0.31 4.51 52.08
4 Mahajanga 0 0.00 4.82 17.93 43.35 213 48.43 116.65
5 Toamasina 0 0.00 14.45 17.02 5.09 0.73 10.80 48.10
6 Toliary 0 0.00 7.92 20.61 44.72 1.53 19.18 93.97

Table 6. Madagascar’s Ecosystem services value (ESV) by land-use type and changes from 2000 to 2019.

ESV Cultivated Land Forest Savannah Wetland Built-UpBare LandWater Bodies Total

2000($) x10° 4428 82.57 144.09 87.60 0.23 0.00 6.11 364.88

2000 (%) 12.14 22.63 39.49 24.01 0.06 0.00 1.67 100.00

2019($) x10° 46.05 79.88 144.80 95.41 0.33 0.00 5.40 371.87

2019 (%) 12.38 21.48 38.94 25.66 0.09 0.00 1.45 100.00
Change 2000-2019 ($) 1.77 -2.69 0.71 7.81 0.10 0.00 -0.71 6.99
Change 2000-2019 (%) 4.00 -3.26 0.49 8.92 42.74 0.00 -11.56 41.32

Figure 3c,d shows the spatial pattern of ESV per unit area at the regional scale in
Madagascar Island for the period from 2000 to 2019. Generally, the high-value area of ESV
has mainly located in the northern part of the study region as well as some parts on the
east side of the region. The central and southern parts of the study area have low ESV. The
same result can also be observed in Figure 3e,f, which show the spatial pattern of ESV per
unit area at the town scale in Madagascar island for 2000-2019, where Mahajanga town,
in the north-west part and Amparafaravola town, in the east part of the island, has the
highest ESV value among all towns, while Mahabo town, located in the nearly central part
of the island, has the lowest ESV value. Figure 4 shows Spatial pattern of change in the
rate of ecosystem services value (%) in different scales for the provinces, regions and

towns in Madagascar island from 2000 to 2019.
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Figure 3. Spatial pattern of change in the rate of ecosystem services value for the provinces (a,b), the
regions (c,d), and towns (e,f) in Madagascar island from 2000 to 2019.
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Figure 4. Spatial pattern of change in the rate of ecosystem services value (%) in different scales for
the provinces (a), the regions (b), and towns (c) in Madagascar island from 2000 to 2019.

3.3.2. Changes in Values of Ecosystem Functions in Madagascar Island from 2000 to 2019

The study elaborates on and compares the contribution of every ecosystem function
to the total ESV in Madagascar island (Table 7). Results show that the most important
components contributing to the total ESV in Madagascar island between 2000 and 2019
were waste treatment, genetic resources, food production, and habitat/refugia. These
components in 2000 contributed 21.27%, 20.20%, 17.38%, and 13.80% of the total, and
22.55%, 19.76%, 17.29%, and 13.78% of the total in 2019, respectively. From 2000 to 2019,
there was an overall change that resulted in an increase in all ecosystem service functions,
excluding water regulation, pollution, regulation of climate, regulation of gas, genetic
resources, and leisure, which decreased by —0.92%, —2.38%, —6.42%, —0.3%, and —1.82%,
respectively. The total ESV of waste treatment increased very sharply than other
ecosystem services (8.02%), followed by nutrient cycling (7.53%), disturbance regulation
(5.74%), soil promotion (3.60%), habitat/refugia (1.72%), the raw material (1.14%) and the

water supply (1.06%). The rate of Charge ESK(- increased very slowly for cultural
(0.98%).

Table 7. Estimated values for diverse ecosystem functions ( ES}V ) in Madagascar island from 2000 to

2019.
2000 2019 20002019
(10° USD) % (10° USD) % (10° USD) %
Provisioning PRODUCT 63.42 17.38 64.30 17.29 0.87 1.38
Raw materials 5.16 1.41 5.22 1.40 0.06 115
Regulating Regulation of gas 0.50 0.14 0.49 0.13 0.00 -0.92
Regulation of climate 36.17 9.91 35.31 9.50 -0.86 -2.38
Regulation of disturbance 3.89 1.06 411 1.10 0.22 5.74
Regulation of water 5.01 1.37 4.69 1.26 -0.32 -6.42
Supply of water 7.15 1.96 7.23 1.94 0.08 1.06
Treatment of waste 77.63 21.27 83.85 22.55 6.23 8.02
Supporting Control of erosion 9.74 2.67 9.80 2.64 0.07 0.69
Formation of soil 4.51 1.24 4.68 1.26 0.16 3.60
Cycling Nutrient 041 0.11 0.44 0.12 0.03 7.53
Pollination 1.85 0.51 1.84 0.50 0.00 -0.13
Biological control 1.69 0.46 1.72 0.46 0.03 1.58
Habitat/refugia 50.37 13.80 51.24 13.78 0.87 1.72
Genetic resources 73.71 20.20 73.49 19.76 -0.22 -0.30
Recreation and Culture Recreation 17.49 4.79 17.17 4.62 -0.32 -1.82
Cultural 6.20 1.70 6.27 1.68 0.06 0.98
TOTAL 364.89 100 371.83 100
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3.3.3. Sensitivity Analysis of Ecosystem Services Value in Madagascar island from 2000
to 2019

Table 8 illustrates the sensitivity of ecosystem service values for Madagascar. The
sensitivity coefficient ranged from 0.649 to 1.000, always remaining below 1 (i.e.,
forestland). Because the worth of ecosystem services is independent of the sensitivity
coefficient, the estimation results can be considered credible. The sensitivity coefficient
was highest (0.649) for forestland in 2000 to the significant amount of forestland and a
high ecosystem service value coefficient per unit area, which means that a 1% increase in
Madagascar’s forestland area would result in a 0.649% growth in the projected worth of
ecosystem services. Forest land generally had a high variation of sensitivity coefficient
than other land uses. The island’s forest cover mainly drives the value of Madagascar’s
ecosystem services. Wetland is Madagascar’s second most noteworthy cover category
considering the entire environment esteem. Cultivated land provided more ecosystem
benefits per unit of land area than uncultivated land, despite the relatively low percentage
of cultivated land across these periods.

The sensitivity indices of seven land types from 2000 to 2019 were mapped to
understand better the geographical distribution patterns of ESV’s “equivalent value
coefficient” (VC) across various land uses. Although, ESV’s sensitivity index to VC of
various land-use categories followed a consistent spatial distribution pattern over the
years (Figure 5). It was discovered that farmed land in the plains poses a substantially
greater sensitivity index than land in the mountains (Figure 5a).

Table 8. Sensitivity coefficient resulting from an adjustment of the equivalent value coefficient.

2000 2005 2010 2015 2019

Land-Use Types cs cs cs cs cs
Cultivated land VC + 50% 0.109 0.107 0.108 0.109 0.112
Forestland VC + 50% 0.649 0.635 0.634 0.631 0.643
Savannahs VC + 50% 0.010 0.004 0.001 0.001 0.002
Wetland VC +50% 0.216 0.240 0.244 0.245 0.230
Built up VC +50% 0.001 0.001 0.001 0.001 0.001
Bare land VC + 50% 0.000 0.000 0.000 0.000 0.000
Water bodies VC + 50% 0.015 0.014 0.013 0.013 0.013

Important factors were 0.00, demonstrating that the esteem is very little and exceptionally near zero.
CS: coefficient of sensitivity.

This is because the ESV was more susceptible to fluctuation in cultivated land, which
was abundant in the plains. Forest and savannah sensitivity indices in the surrounding
mountainous areas were relatively higher in the Bongolava region, Vakinakaratra region,
Amoron’i mania region, Ihorombe, and Atsimo Andrefana regions, Androy region
(Figure 5b,c). Both the wetland and water area sensitivity indices in and around the Diana,
Melaky, and Boeny regions were much higher than in other regions (Figure 5d,f). The
Analamanga region, urban agglomerations, and the suburbs and exurbs of major cities
were the most common locations where built-up land sensitivity indexes were high
(Figure 5e). For regional ecological protection measures and land-use planning, as well as
for providing more scientific guidance for optimizing the land use structure and the
coordinated improvement of ecology and economy on the Madagascar island, analyzing the
sensitivity indices of various land use types in various county units was of great significance.
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Figure 5. Spatial pattern of sensitivity coefficients of different land-use types in Madagascar island
in 2019. Important factors were (a) the spatial pattern of the sensitivity coefficient of cultivated land;
(b) the spatial pattern of the sensitivity coefficient of forestland; (c) the spatial pattern of the
sensitivity coefficient of the savannah; (d) the spatial pattern of the sensitivity coefficient of wetland;
(e) the spatial pattern of the sensitivity coefficient of built up; (f) the spatial pattern of the sensitivity
coefficient of water.

The sensitivity coefficient of the cultivated ground area was higher in the Toamasina
provinces (Figure 6a). At the same time, for forest and savannah, it was also relatively
higher in Toamasina, Antsiranana, and Antananarivo provinces (Figure 6b,c). Both the
wetland and water area sensitivity coefficients were much higher in the Antsiranana and
Mahajanga provinces than in the other provinces (Figure 6d,f). The Antananarivo
province was the most common location where built-up land sensitivity indexes were
much higher than the other provinces (Figure 6e).
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Figure 6. Spatial pattern of sensitivity coefficients of different land-use types of provinces in
Madagascar island in 2019. Important factors were (a) the spatial pattern of the sensitivity coefficient
of cultivated land; (b) the spatial pattern of the sensitivity coefficient of forestland; (c) the spatial
pattern of the sensitivity coefficient of the savannah; (d) the spatial pattern of the sensitivity
coefficient of wetland; (e) the spatial pattern of the sensitivity coefficient of built up; (f) the spatial
pattern of the sensitivity coefficient of water.

On the town scale, the sensitivity coefficient of cultivated land was higher in
Sambava, Ambatondrazaka, and Tsihombe Towns (Figure 7a). In contrast, for forest and
savannah, the sensitivity coefficient was relatively higher in Mandritsara, Ambalavao,
Tananarivo, Mahabo, Ampanihy-Oeust, and Toliary II towns (Figure 7b,c). Both the
wetland and water area sensitivity coefficients were much higher in Ambilobe, Ambanja,
Nosy be hell ville, and Mitsinjo towns (Figure 7d,f). Antananarivo was the most common
location with significantly higher built-up land sensitivity indexes.
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Figure 7. Spatial pattern of sensitivity coefficients of different land-use types of towns in
Madagascar island in 2019. Important factors were (a) the spatial pattern of the sensitivity coefficient
of cultivated land; (b) the spatial pattern of the sensitivity coefficient of forestland; (c) the spatial
pattern of the sensitivity coefficient of the savannah; (d) the spatial pattern of the sensitivity
coefficient of wetland; (e) the spatial pattern of the sensitivity coefficient of built up; (f) the spatial
pattern of the sensitivity coefficient of water.

4. Discussion

4.1. Influences of LULC Transformation on Ecosystem Services in Madagascar Island from 2000
to 2019

According to previous research and the current study, the most common LULC
change in Madagascar is the conversion of natural vegetation to savannah. By using the
estimated sizes of the seven different LULC categories and the value coefficients for
ecosystem services for relevant biomes [12,55,56], it is calculated that Madagascar’s total
ESV increased by 41.32 percent (US $6.99 billion) between 2000 and 2019. This positive
trend was mainly caused by the growth of savannahs, which led to a rise in ecosystem
services by savannahs. This increase made up for the ecosystem services reduction caused
by natural ecosystems and forest loss within this time. From 2000 to 2019, farmed land,
wetland, bare land, and built-up areas grew in the northern states. This growth can be
linked to positive state-level changes, while growth in the southern states may be linked
to more forests and wetlands. The states with a negative alter in add up to ESV declined
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significantly due to the loss of water bodies, principally due to a decrease in natural
landscape regions in Northern Province.

Research from other parts of the world that used an ESV assessment method similar
to the present study and looked at agricultural development showed a decrease in the
overall ESV. Other studies that used an ESV assessment method comparable to present
research and documented agricultural expansion also revealed a decline in total ESV [57-
59]. There could be a variety of causes for this, but one of them could be that the valuation
coefficients employed were different. These studies employed different valuation
coefficients than in [12], and more case studies were utilized to establish biome values
[1,12,50]. The coefficient values in 2019 are ~79.88% for forests, ~95.41% for wetlands, and
~1.45% for water bodies, and more noteworthy is the valuable rise of urban ecosystem
services [1]. When valuation coefficients were applied, Madagascar’s annual ESVs were
much lower, and the overall ESV fell by 41.32% between 2000 and 2019. According to this,
even if valuation coefficients were applied, the change path for different land cover types
(excluding built-up land) was the same as in 2019. This clearly shows that expanding
cultivated land reduces the value of ecosystem services, no matter what valuation
coefficients are used [12].

It is essential to note the substantial ecosystem service value loss from natural
ecosystems due to anthropogenic landscape substitution, even though the overall ESV
grew in Madagascar island using the improved valuation coefficient during the study
period [1]. In this study, conversions between natural landscapes and cultivated land from
forests had a US $2.69 million net ESV loss. In this study, the forests lost US $2.69 million
innet ESV due to conversions between natural landscapes and cultivated land, an increase
of US $710,000 from savannahs, and a loss of US $710,000 from water bodies. The overall
deterioration in the service value of Madagascar’s natural ecosystems can be mainly
attributed to forest loss. It was discovered that Madagascar’s forests were the primary
cause of declining ecosystem service value.

Ecosystems provide soil formation, biological control, and water, but even though
they are helpful, the benefits are accompanied by declines in those ecosystem service
activities. According to various studies conducted worldwide, agricultural and urban
expansion negatively impact ecosystem services such as the conservation of genetic
resources, erosion control, climate regulation, nutrient cycling recreation opportunities,
and water regulation [60]. In Madagascar island, agricultural land use change led to more
components [61]. The most important ones are waste treatment, genetic resources, food
production, and habitat/refugia. They were 21.27%, 20.20%, 17.38%, and 13.80% in 2000,
respectively. However, in 2019, they were 22.55%, 19.78%, 17.29%, and 13.78%,
respectively. Thus, the changes that occurred during those years induced an increase in
ESV value in Madagascar. While comparing the results over the year, water regulation,
pollution, regulation of climate, regulation of gas, genetic resources, and leisure declined
to -0.92%, —2.38%, —6.42%, —0.30%, and -1.82%, respectively. In light of Madagascar’s
rapidly deteriorating climate and water management services, floods, one of the country’s
most common environmental threats, has already impacted water resources, soil quality,
and increased disease risk [62,63].

Despite expanding agricultural land to support the country’s rapidly growing
population, food production has fallen short of projections, and food insecurity still affects
more than half of the population [64,65]. In Madagascar, food insecurity may result from
the country’s agricultural sector’s low production, exacerbated by several factors,
including climate change, insecure land tenure, and inadequate funding [66]. Due to these
factors, the sector’s labor supply has decreased, leading to a fall in agricultural
productivity. Consequently, Madagascar’s vast and rising population has become
dependent on imported essential goods for life [67,68]. Some of the restrictions on the
agricultural sector will become even more severe as the services and natural ecosystems
provided continue to deteriorate. As a result, the agricultural industry will face an increased
risk of experiencing a reduction in production. The island nation of Madagascar island, which
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is highly susceptible to climate change effects and has a limited capacity for adaptation since
its agricultural sector is utterly reliant on the natural resource base, will not be an exception
[69].

In addition to the increase in Madagascar’s population, changes in land use have also
been influenced by policies implemented by the government, such as those pertaining to
mangroves [70]. On the other hand, policies and regulations are not always examined for
compliance and fully respected throughout Africa, including Madagascar. The United
Nations Framework Convention on Climate Change implemented laws all around the
world on deforestation and forest degradation; however, there has been very little follow-
up on these measures [71].

The sensitivity coefficient (CS) has been calculated in order to achieve an accurate
and better spatial distribution pattern of different land-use types on the island.
Interestingly, in our study, it ranged from 0.649 to 1.000, where forestland was the highest
value, followed by wetland. Therefore, our CS is <1, which means that the ESV on the VC
is inelastic [72]. Concerning the CS according to provinces, Toamasina was the highest for
the cultivated ground, while Toamasina, Antsiranana, and Antananarivo provinces were
the highest for forest and savannah. For wetlands and water, Antsiranana and Mahajanga
were the highest among the six provinces. On the town scale, Sambava, Ambatondrazaka,
and Tsihombe have had the highest CS for cultivated land. For forest and savannah,
Mandritsara, Ambalavao, Antananarivo, Mahabo, Ampanihy-Ouest, and Toliary II were
with the highest sensitivity coefficient. Finally, Ambilobe, Ambanja, Nosy be hell ville,
and Mitsinjo were higher for wetland and water. Hence, the CS differs according to
provinces and towns. Antananarivo, the capital province of the island, has the highest
build-up land sensitivity indexes.

4.2. Policy Implications

A growing number of more severe interactions between humans and the land system
are driving the compatibility of economic development with natural environment-
carrying capacity. The socio-economic development was significantly out of harmony
with the resource endowment and the environment’s carrying capacity due to the
prolonged and rapid growth of the economy.

The government must integrate environmental protection and economic
development, speed up economic restructuring, encourage industrial transformation and
upgrade, and rationalize industrial function space allocation.

First, the local government must shift from prioritizing economic growth without
safeguarding the natural world to balancing environmental protection with economic
growth [72]. They should also recognize the importance of strengthening environmental
protection to reshape the economy, shift its growth model, and pursue environmental
protection development.

Second, instead of relying solely on administrative methods to solve environmental
issues, the government should employ various tools from the law, the economy, and the
technology required to enforce economic and natural laws better, improve environmental
protection, and create space for new development.

Third, to achieve sustainable socio-economic development with the least amount of
resource consumption and environmental costs possible, the public must establish a
resource-saving and environmentally friendly concept of circular economic development.
They should also promote the transformation of resource utilization from a “resource—
product-waste” linear mode toward a “resource—product-waste-renewable resource”
circular mode. A circular economy is a more environmentally friendly kind of economic
development than a traditional economy [73]. In order to make reasonable plans and
actively improve organizational coordination, benefits compensation, and performance
evaluation mechanisms, it is vital to consider the layout of spatial land development, spatial
land carrying capacity, environmental policy, development stage, and other factors. It is also
essential to design the spatial distribution of urban and agricultural space to set the flush line
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for lasting essential farmland security, environmental preservation, and urban advancement
to investigate the mechanisms of space governance and land-use regulation [74].

An ecosystem services (ESs) evaluation helps better understand the value of natural
capital. It can also serve as a reminder to decision-makers to take environmental
safeguards into account while making decisions. The findings help the public realize the
value that natural ecosystems bring to human beings and raise awareness of the
importance of ESs. Some of the policy consequences of empirical findings may be found
here. Based on statistical evidence, the urbanization level’s (UL) negative correlation with
the comprehensive ecosystem services index’s (CESI) positive correlation suggests that as
UL improves, (CESI) will deteriorate. There should be an increased focus on ecological,
social, and economic sustainability in the future of development. At the same time, U-
shaped curves between UL and CESI were also found, indicating that an increase in UL
would lead to a decrease in CESI in the early stages of urbanization.

In contrast, UL would lead to an increase in CESI when the unreached a certain level
[75]. A win-win outcome can be obtained when urbanization does not lead to CESI
degradation. There was also a considerable impact on the dependent and independent
variables in the local and outlying units. In order to protect the environment,
environmental rules should not be limited to a particular entity. Variations in
environmental and economic legislation caused the spillover effects. Regional
collaboration and different ways of making policies are needed because regional
differences must be considered when making and implementing policies in a particular
area.

There is always a struggle between ideas (e.g., environmental protection, social and
development, and land-use planning). Ecological implications are often overlooked in
land-use planning. Multiple spatial plans in Madagascar island must be integrated to
avoid undesirable effects. Agricultural, ecological, and urban designation zones and three
lines (ecological, permanent basic farmland, and the urban development boundary red
lines) are in place to deal with problems such as the loss of ecosystem services and the loss
of farmland as construction sites grow.

4.3. Limitations and Potential Future Research Areas

The benefit transfer mechanism adopted in the present study has various limits. For
instance, the technique assumes that the value of ecosystem services is consistent across
all types of biomes/LULCs by popularizing the unit values generated out of a single place
for a certain good by averaging the unit values generated in all other locations [76]. On
the other hand, some services may be more useful in certain contexts than others. Once
these empirical correlations between the ultimate services and ecosystem features have
been established, the method is considered valid. Primary data gathering in
underdeveloped nations such as Madagascar island is costly; hence, benefit transfers are
frequently the only viable alternative. In [77], it is believed that future research should
focus on modification of the global value coefficients to explicitly show the local
ecosystem circumstances of Madagascar to maximize the use of this analysis, even though
it is frequently stated that absolute precision in value coefficients is less important when
measuring the direction of changes in ESV with time (as we studied). Expert surveys or
statistical models of spatial and other dependencies could be used to alter these global value
coefficients [78].

Future research may transfer value from a meta-analysis of analytical studies
completed in African nations equivalent to Madagascar regarding their economic, social,
cultural, and ecological elements to account for local income variances. This might ensure
robust value based on BTM coefficients is employed in Madagascar island valuation
research. Government funding promises to perform original valuation studies in
Madagascar are more appropriate for obtaining location-specific ecological service values.

Measuring ecosystem services by relying on information about land use and cover
and their changes in land use has proven to be a valuable tool in estimating ecosystem
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services and differences with land use [79]. Still, there are certain limits to land-cover
datasets. Furthermore, past research has shown that the series employed as proxies for
the LULC types are not necessarily ideal matches, and the land-cover databases lack
precise classification [47]. For example, the datasets did not differentiate between rural
and urban areas. Due to this, we computed the total built-up area ESV, which includes
both urban and rural areas in Madagascar island as a proxy for urban instead of just the
urban areas. This means that this land class may contain cropland and cultivated pastures
in some regions, which may provide some overestimation of the ESV of this LULC type.
In addition, this may show some underestimation of the ESV in other locations.

5. Conclusions

This study assessed the island of Madagascar’s ecosystem service values from 2000
to 2019 using ESA CCI products of land cover. The outcomes demonstrate that land cover
dynamics have shifted dramatically due to rapid population growth and land
urbanization. From 2000 to 2019, forest land decreased from 25.82% to 24.98%, with a
difference of 0.84%. It shows a dramatic increase in urban land following the year 2000.
Therefore, urban evolution is one of Madagascar’s most prominent contributing elements
causing the loss of ecosystem service values. The water in the research region has shrunk
significantly. Over the entire period, the estimated total ecosystem service values
decreased.

Notably, the ESV lost from 2000 to 2019 was elevated to 6.99 million USD,
corresponding to 41.32% due to land-use change in Madagascar island. However, the
increasing economic value of farmed land can make up for this loss, making land-use
changes appear economically advantageous. The decline in services such as climate
regulation and water regulation, which may result in significant economic losses due to
climate change and flooding, may be caused by the loss of services mostly provided by
natural ecosystems over the long run. When this occurs, the gains that appear to come
from increasing the amount of farmed land are also lost in a nation that is extremely
vulnerable to climate change and frequently experiences natural catastrophes such as
flooding. One of the most effective ways to accomplish this is through measures such as
enhancing farming technology, securing land ownership to encourage farmers to grow
effectively, and technological innovation.

The ESV could include in the government policy program so that the government
can prioritize this matter because it is a critical study for efficiently managing our land
resources. In fact, the decrease in ecosystem service values in Madagascar represents a
threat that might result in an increase in the savannah and a decrease in forest and water.
As anisland, managing land use and land cover is an utmost task. This study recommends
strategies and policy initiatives considering ecosystem-based methods to sustain equality
between development steps and ecosystem health. It should be noted that ESA CCI land
cover products served as the source for land cover dynamics, and it was from these
datasets that our analytical results were generated. When looking at ecosystem services
on a provincial scale, the results of assessments of high-resolution remotely sensed data
could be very helpful. Overall, this study offers valuable information that will help in
ecosystem management in Madagascar for the next decades.

Author Contributions: Conceptualization, F.T. and C.N.M.; Methodology, S.H. and A.T.; Software,
F.T.; Validation, 5.Q.; Formal analysis, A.T. and S.N.R.; Investigation, 5.Q., CN.M. and A.T;
Resources, S.H.,, CN.M. and S.N.R.; Data curation, 5.Q.; Writing—original draft, F.T.; Writing—
review & editing, S.H. and S.N.R.; Visualization, E.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by a scholarship from the China Scholarship Council (CSC), the
National Natural Science Foundation of China (Grant No. 42101217 and 42171272).

Informed Consent Statement: Not applicable



Int. ]. Environ. Res. Public Health 2023, 20, 3060 20 of 22

Data Availability Statement: The link for the data is provided within the paper and references.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

Costanza, R.; d'Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O'neill, R.V.; Paruelo, J. The
value of the world's ecosystem services and natural capital. Nature 1997, 387, 253-260.

Reid, W.V.; Mooney, H.A.; Cropper, A.; Capistrano, D.; Carpenter, S.R.; Chopra, K.; Dasgupta, P.; Dietz, T.; Duraiappah, A.K.;
Hassan, R.; et al. Ecosystems and Human Well-Being-Synthesis: A Report of the Millennium Ecosystem Assessment; Island Press:
Washington DC, USA, 2005.

Zabala, J.A.; Martinez-Paz, ].M.; Alcon, F. A comprehensive approach for agroecosystem services and disservices valuation. Sci.
Total Environ. 2021, 768, 144859.

de Groot, R,; Brander, L.; van der Ploeg, S.; Costanza, R.; Bernard, F.; Braat, L.; Christie, M.; Crossman, N.; Ghermandi, A.; Hein,
L.; et al. Global estimates of the value of ecosystems and their services in monetary units. Ecosyst. Serv. 2012, 1, 50-61.
https://doi.org/10.1016/j.ecoser.2012.07.005.

Steensland, A.; Zeigler, M. Productivity in agriculture for a sustainable future. In The Innovation Revolution in Agriculture;
Springer: Cham, Switzerland, 2021; pp. 33-69.

Chen, W.; Chi, G.; Li, J. The spatial association of ecosystem services with land use and land cover change at the county level in
China, 1995-2015. Sci. Total Environ. 2019, 669, 459-470.

Chen, J.; Sun, B.M.; Chen, D.; Wu, X.; Guo, L.Z.; Wang, G. Land use changes and their effects on the value of ecosystem services
in the small Sanjiang plain in China. Sci. World ]. 2014, 2014, 752846. https://doi.org/10.1155/2014/752846.

Foley, J.A.; Defries, R.; Asner, G.P.; Barford, C.; Bonan, G.; Carpenter, S.R.; Chapin, F.S.; Coe, M.T.; Daily, G.C.; Gibbs, HK.; et
al. Global consequences of land use. Science 2005, 309, 570-574. https://doi.org/10.1126/science.1111772.

Balvanera, P.; Pfisterer, A.B.; Buchmann, N.; He, ].S.; Nakashizuka, T.; Raffaelli, D.; Schmid, B.J.E.l. Quantifying the evidence
for biodiversity effects on ecosystem functioning and services. Ecol. Lett. 2006, 9, 1146-1156.

Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Biodiversity Synthesis; World Resources Institute:
Washington, DC, USA, 2005. Available online: http://wwwmillenniumassessment.org/documents/document.354.aspx.pdf
(accessed on 22 November 2022).

Chen, W.; Gu, T.; Zeng, J. Urbanisation and ecosystem health in the Middle Reaches of the Yangtze River urban agglomerations,
China: A U-curve relationship. J. Environ. Manag. 2022, 318, 115565.

Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I; Farber, S.; Turner, R.K. Changes in the
global value of ecosystem services. Glob. Environ. Change 2014, 26, 152-158. https://doi.org/10.1016/j.gloenvcha.2014.04.002.
Chen, W.; Chi, G; Li, J. The spatial aspect of ecosystem services balance and its determinants. Land Use Policy 2020, 90, 104263.
Laurance, W.F. Emerging Threats to Tropical Forests1,2. Ann. Mo. Bot. Gard. 2015, 100, 159-169. https://doi.org/10.3417/2011087.
Carr, D.L.; Suter, L.; Barbieri, A. Population Dynamics and Tropical Deforestation: State of the Debate and Conceptual
Challenges. Popul. Environ. 2005, 27, 89-113. https://doi.org/10.1007/s11111-005-0014-x.

de Sherbinin, A.; Carr, D.; Cassels, S.; Jiang, L. Population and Environment. Annu. Rev. Environ. Resour. 2007, 32, 345-373.
https://doi.org/10.1146/annurev.energy.32.041306.100243.

Chen, W.; Chi, G.; Li, J. Ecosystem services and their driving forces in the Middle Reaches of the Yangtze River Urban
Agglomerations, China. Int. |. Environ. Res. Public Health 2020, 17, 3717.

Arizpe, L.; Stone, M.P.; Major, D.; Stone, P. Population and Environment: Rethinking the Debate; Routledge: Oxfordshire, England,
2019.

Harrison, P.; Pearce, F. AAAS Atlas of Population and the Environment; Univ of California Press: Berkeley, California, 2000; p. 215.
Whitham, C.E.; Shi, K.; Riordan, P. Ecosystem service valuation assessments for protected area management: A case study
comparing methods using different land cover classification and valuation approaches. PloS ONE 2015, 10, e0129748.
Wainger, L.A.; Boyd, ].W. Valuing ecosystem services. In Ecosystem-Based Management for the Oceans; Island Press, Washington,
DC, USA, 2009; pp. 92-114.

Costanza, R.; Wilson, M.A.; Troy, A.; Voinov, A ; Liu, S.; D’ Agostino, J. The value of New Jersey’s ecosystem services and natural
capital. 2006.

Gregory, R.; Failing, L.; Harstone, M.; Long, G.; McDaniels, T.; Ohlson, D. Structured Decision Making: A Practical Guide to
Environmental Management Choices; John Wiley & Sons: Hoboken, NJ, USA, 2012.

Talberth, J. Economic Benefits of Baltimore’s Stormwater Management Plan; Center for Sustainable Economy: Lake Oswego, OR,
USA, 2015.

Noel, J.E.; Qenani-Petrela, E.; Mastin, T. A benefit transfer estimation of agro-ecosystems services. West. Econ. Forum 2009, 8,
18-28.

Plummer, M.L. Assessing benefit transfer for the valuation of ecosystem services. Front. Ecol. Environ. 2009, 7, 38-45.
https://doi.org/10.1890/080091.

Brisson, I.; Pearce, D. Benefits Transfer for Disamenity from Waste Disposal; Centre for Social and Economic Research on the Global
Environment: Norwich, UK, 1995.



Int. ]. Environ. Res. Public Health 2023, 20, 3060 21 of 22

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bateman, 1.].; Brainard, J.S.; Lovett, A.A. Modelling Woodland Recreation Demand Using Geographical Information Systems: A Benefit
Transfer Study; Centre for Social and Economic Research on the Global Environment: Norwich, UK, 1995.

Vitousek, P.M.; Mooney, H.A.; Lubchenco, J.; Melillo, ]. M. Human Domination of Earth’s Ecosystems. In Renewable Energy;
Routledge: Oxfordshire, UK, 2018; pp. 153-166.

Lambin, E.F.; Meyfroidt, P. Global land use change, economic globalization, and the looming land scarcity. Proc. Natl. Acad. Sci.
USA 2011, 108, 3465-3472. https://doi.org/10.1073/pnas.1100480108.

Geist, H.J.; Lambin, F.E. What drives tropical deforestation. LUCC Rep. Ser. 2001, 4, 116.

Til, J.V.; Simons, G. Madagascar: Land Use Planning for Enhanced Resilience of Landscapes; ISRIC: Wageningen, The Netherlands,
February 2018.

Rakotomahazo, C.; Razanoelisoa, ].; Ranivoarivelo, N.L.; Todinanahary, G.G.B.; Ranaivoson, E.; Remanevy, M.E.;
Ravaoarinorotsihoarana, L.A.; Lavitra, T.J.L. Community Perceptions of a Payment for Ecosystem Services Project in Southwest
Madagascar: A Preliminary Study. Land 2021, 10, 597.

Obiahu, O.H.; Elias, E. Effect of land use land cover changes on the rate of soil erosion in the Upper Eyiohia river catchment of
Afikpo North Area, Nigeria. Environ. Chall. 2020, 1, 100002. https://doi.org/10.1016/j.envc.2020.100002.

Eka Prasetya, T.A.; Devi, RM.; Fitrahanjani, C.; Wahyuningtyas, T.; Muna, S. Systematic assessment of the warming trend in
Madagascar's mainland daytime land surface temperature from 2000 to 2019. ]. Afr. Earth Sci. 2022, 189, 104502.
https://doi.org/10.1016/j.jafrearsci.2022.104502.

World-Bank. Population Growth (Annual %) in Madagascar. Available online:
https://data.worldbank.org/indicator/SP.POP.GROW?end=2021&locations=MGé&start=1961&view=chart (accessed on 19
January 2023).

Tanteliniaina, M.E.R.; Chen, J.; Adyel, T.M.; Zhai, ]J. Elevation Dependence of the Impact of Global Warming on Rainfall
Variations in a Tropical Island. Water 2020, 12, 3582.

World Map Blank. Blank Map of Africa-Outline Map of Africa. Available online: https://worldmapblank.com/blank-map-of-
africa/ (accessed on 30 January 2023).

Mapline. Learn the Impacts of Climate Change from Studying a Madagascar Map Showing Provinces. Available online:
https://mapline.com/territories/africa/madagascar/madagascar-map-showing-provinces/ (accessed on 30 January 2023).

ESA. European Space Agency Climate Change Initiative Land Cover CCI Product User Guide v.2.0. Available online:
http://maps.elie.ucl.ac.be/CCI/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf (accessed on 16 January 2023).

Di Gregorio, A. Land Cover Classification System: Classification Concepts and User Manual: LCCS; Food & Agriculture Org: Rome,
Italy, 2005; Volume 2.

Li, W,; Ciais, P.; MacBean, N.; Peng, S.; Defourny, P.; Bontemps, S.J.1j.0.a.e.0.; geoinformation. Major forest changes and land
cover transitions based on plant functional types derived from the ESA CCI Land Cover product. Int. J. Appl. Earth Obs. Geoinf.
2016, 47, 30-39.

Liu, X;; Yu, L;; Si, Y.; Zhang, C,; Lu, H.; Yu, C,; Gong, P.J.R.S.L. Identifying patterns and hotspots of global land cover transitions
using the ESA CCI Land Cover dataset. Remote Sens. Lett. 2018, 9, 972-981.

ESA CCI. European Space Agency Climate Change Initiative Landcover; ESA CCI: Paris, France, 2017.

Bouvet, A.; Mermoz, S.; Le Toan, T.; Villard, L.; Mathieu, R.; Naidoo, L.; Asner, G.P. An above-ground biomass map of African
savannahs and woodlands at 25 m resolution derived from Alos Palsar. Remote Sens. Environ. 2018, 206, 156-173.

Nabil, M.; Zhang, M.; Bofana, J.; Wu, B.; Stein, A.; Dong, T.; Zeng, H.; Shang, J. Assessing factors impacting the spatial
discrepancy of remote sensing based cropland products: A case study in Africa. Int. J. Appl. Earth Obs. Geoinf. 2020, 85, 102010.
Arowolo, A.O. Assessing changes in the value of ecosystem services in response to land-use/land-cover dynamics in Nigeria.
2018, 636, 597-609. https://doi.org/10.1016/j.scitotenv.2018.04.277.

Anthony, A.; Edem, E.E. Effects of Flood on Infrastructural Development in Uyo Metropolis, Akwa Ibom State, Nigeria. Glob. ].
Sci. Front. Res. Environ. Earth Sci. 2015, 15, 36—-46.

Neugarten, R.A.; Honzak, M.; Carret, P.; Koenig, K.; Andriamaro, L.; Cano, C.A.; Grantham, H.S.; Hole, D.; Juhn, D.; McKinnon,
M.; et al. Rapid Assessment of Ecosystem Service Co-Benefits of Biodiversity Priority Areas in Madagascar. PLoS ONE 2016, 11,
€0168575. https://doi.org/10.1371/journal.pone.0168575.

Yi, H.; Glineralp, B.; Filippi, A.M.; Kreuter, U.P.; Giineralp, I Impacts of land change on ecosystem services in the San Antonio
River Basin, Texas, from 1984 to 2010. Ecol. Econ. 2017, 135, 125-135.

Li, C; Wu, Y.; Gao, B.; Zheng, K.; Wu, Y.; Li, C. Multi-scenario simulation of ecosystem service value for optimization of land
use in the Sichuan-Yunnan ecological barrier, China. Ecol. Indic. 2021, 132, 108328.

Kreuter, U.P.; Harris, H.G.; Matlock, M.D.; Lacey, R.E.J.E.e. Change in ecosystem service values in the San Antonio area, Texas.
Ecol. Econ. 2001, 39, 333-346.

Abulizi, A,; Yang, Y.; Mamat, Z.; Luo, J.; Abdulslam, D.; Xu, Z.; Zayiti, A.; Ahat, A.; Halik, W. Land-use change and its effects
in Charchan Oasis, Xinjiang, China. Land Degrad. 2017, 28, 106-115.

Zhang, Z.; Xia, F.; Yang, D.; Huo, J.; Wang, G.; Chen, H. Spatiotemporal characteristics in ecosystem service value and its
interaction with human activities in Xinjiang, China. Ecol. Indic. 2020, 110, 105826.

Adeyemi, A.A.; Ayinde, M.O. Evaluation of Land-Use and Land-Cover Changes in Oba Hills Forest Reserve, Osun State,
Nigeria. Forestist 2022, 72, 137-148. https://doi.org/10.5152/forestis.2022.21039.



Int. ]. Environ. Res. Public Health 2023, 20, 3060 22 of 22

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Lakshumanan, C.; Kishore, P.; Viveganandan, S.; Krishnakumar, K.; Muthusankar, G. Landuse/land cover dynamics study in
Nilgiris district part of Western Ghats, Tamilnadu. Int. |. Geomat. Geosci. 2012, 2, 911-923.

Chen, W.; Zhao, H; Li, J.; Zhu, L.; Wang, Z.; Zeng, ]. Land use transitions and the associated impacts on ecosystem services in
the Middle Reaches of the Yangtze River Economic Belt in China based on the geo-informatic Tupu method. Sci. Total Env. 2020,
701, 134690. https://doi.org/10.1016/j.scitotenv.2019.134690.

Li, R.-Q.; Dong, M.; Cui, J.-Y.; Zhang, L.-L.; Cui, Q.-G.; He, W.-M. Quantification of the impact of land-use changes on ecosystem
services: A case study in Pingbian County, China. Environ. Monit. Assess. 2007, 128, 503-510.

Zhao, B.; Kreuter, U.; Li, B.; Ma, Z; Chen, J.; Nakagoshi, N. An ecosystem service value assessment of land-use change on
Chongming Island, China. Land Use Policy 2004, 21, 139-148.

Smaling, E.M.; Nandwa, S.M.; Janssen, B.H. Soil fertility in Africa is at stake. Replenishing Soil Fertil. Afr. 1997, 51, 47-61.
Aubry, C.; Ramamonjisoa, J.; Dabat, M.-H.; Rakotoarisoa, ]J.; Rakotondraibe, J.; Rabeharisoa, L. Urban agriculture and land use
in cities: An approach with the multi-functionality and sustainability concepts in the case of Antananarivo (Madagascar). Land
Use Policy 2012, 29, 429-439.

Wu, C.; Maurer, C.; Wang, Y.; Xue, S.; Davis, D.L. Water pollution and human health in China. Environ. Health Perspect. 1999,
107, 251-256.

Darkoh; Kwesi, M.B. The nature, causes and consequences of desertification in the drylands of Africa. Land Degrad. Dev. 1998,
9,1-20.

Zhang, X.; Xie, H.; Shi, J.; Lv, T.; Zhou, C.; Liu, W. Assessing Changes in Ecosystem Service Values in Response to Land Cover
Dynamics in Jiangxi Province, China. Int. ]. Env. Res. Public Health 2020, 17, 3018. https://doi.org/10.3390/ijerph17093018.
Robaina, K.A.; Martin, K.S. Food insecurity, poor diet quality, and obesity among food pantry participants in Hartford, CT. J.
Nutr. Educ. Behav. 2013, 45, 159-164.

Herrera, J.P.; Rabezara, J.Y.; Ravelomanantsoa, N.A.F.; Metz, M.; France, C.; Owens, A.; Pender, M.; Nunn, C.L.; Kramer,
R.A.J.F.s. Food insecurity related to agricultural practices and household characteristics in rural communities of northeast
Madagascar. Food Secur. 2021, 13, 1393-1405.

Harvey, C.A.; Rakotobe, Z.L.; Rao, N.S.; Dave, R.; Razafimahatratra, H.; Rabarijohn, R.H.; Rajaofara, H.; MacKinnon, J.L.
Extreme vulnerability of smallholder farmers to agricultural risks and climate change in Madagascar. Philos. Trans. R. Soc. B:
Biol. Sci. 2014, 369, 20130089.

World-Bank. Helping the Madagascar Government to Fight Poverty and Improve the Living Standards. 2022. Available online:
https://www.worldbank.org/en/country/madagascar/overview (accessed on 22 November 2022).

Wassie, S.B. Natural resource degradation tendencies in Ethiopia: A review. Environ. Syst. Res. 2020, 9, 1-29.

Rakotomahazo, C.; Ranivoarivelo, N.L.; Razanoelisoa, J.; Todinanahary, G.G.B., Ranaivoson, E.; Remanevy, M.E.;
Ravaoarinorotsihoarana, L.A.; Lavitra, T. Exploring the policy and institutional context of a Payment for Ecosystem Services
(PES) scheme for mangroves in southwestern Madagascar. Mar. Policy 2023, 148, 105450.
https://doi.org/10.1016/j.marpol.2022.105450.

Onofri, L.; Lange, G.M.; Portela, R.; Nunes, P.A.L.D. Valuing ecosystem services for improved national accounting: A pilot
study from Madagascar. Ecosyst. Serv. 2017, 23, 116-126. https://doi.org/10.1016/j.ecoser.2016.11.016.

Chen, W.; Zeng, ].; Zhong, M.; Pan, S. Coupling analysis of ecosystem services value and economic development in the Yangtze
River Economic Belt: A case study in Hunan Province, China. Remote Sens. 2021, 13, 1552.

Kuo, L.; Chang, B.-G. The affecting factors of circular economy information and its impact on corporate economic sustainability-
Evidence from China. Sustain. Prod. Consum. 2021, 27, 986-997.

Chen, W.; Zeng, Y.; Zeng, ]. Impacts of traffic accessibility on ecosystem services: An integrated spatial approach. J. Geogr. Sci.
2021, 31, 1816-1836.

Ziaul Hoque, M.; Islam, I.; Ahmed, M.; Shamim Hasan, S.; Ahmed Prodhan, F. Spatio-temporal changes of land use land cover
and ecosystem service values in coastal Bangladesh. Egypt. ]. Remote Sens. Space Sci. 2022, 25, 173-180.
https://doi.org/10.1016/j.ejrs.2022.01.008.

Kubiszewski, I.; Costanza, R.; Anderson, S.; Sutton, P. The future value of ecosystem services: Global scenarios and national
implications. In Environmental Assessments; Edward Elgar Publishing: Cheltenham, UK, 2020.

Berrou, J.-P.; Piveteau, A.; Deguilhem, T.; Delpy, L.; Gondard-Delcroix, C.; Long, K. Who Drives if No-one Governs? A Social
Network Analysis of Social Protection Policy in Madagascar. In LAM CNRS 5115-Sciences Po Bordeaux; IRD-Institute of Research:
Paris, France, 2021.

Song, W.; Deng, X. Land-use/land-cover change and ecosystem service provision in China. Sci. Total Environ. 2017, 576, 705-719.
Gregor, L.; Gruber, N. Global carbon budget 2020. Earth Syst. Sci. Data 2020, 12, 3269-3340.

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.



