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Abstract: Agriculture in the Global South is innately susceptible to climatic variability and change.
In many arid and semi-mountainous regions of the developing world, drought is regularly cited as a
significant threat to agricultural systems. The objective of this study is to assess the impacts of climate
change on drought and land use and land cover (LULC) change in a semi-mountainous region of the
Vietnamese Mekong Delta. We assessed previous drought trends (1980–2020) and future drought in
the context of climate change, in accordance with three selected scenarios from the Coupled Model
Intercomparison Project Phase 6 global climate models which have recently been released by the
Intergovernmental Panel on Climate Change (IPCC) (2021–2060) using the Standardized Precipitation
Index (SPI). The change of land use for the period 2010–2020 was then assessed and the associated
climatic variability explored. The results show that for the period 1980–2019, SPI 3 responds quickly
to changes in precipitation, whereas SPI 9 showed a clear trend of precipitation over time. The first
longest duration occurrence of drought for SPI 3, SPI 6, and SPI 9 patterns were respectively 15–16, 21,
and 25 months at Chau Doc station, and respectively 11, 14–15, and 16–17 months at Tri Ton station.
Future precipitation and both maximum/minimum temperatures are projected to increase in both
the wet and dry seasons. In addition, for all-time series scales and climate change scenarios, the levels
of drought were slight, followed by moderate. In the future, the humidity at Chau Doc station is
expected to decrease, while the occurrence of drought events is expected to increase at Tri Ton station,
particularly in SPI 6 patterns (110 drought events in 1980–2020, and up to 198 drought events in the
future). Moreover, between 2010–2020, the agricultural land area was seen to decrease, replaced by
non-agricultural land uses that were found to increase by 22.4%. Among the agricultural land area,
forestry, rice crops, and upland rice were found to reduce by 7.5, 16.0, and 21.2%, respectively, while
cash crops and perennial crops increased by 26.4% and 170.6%, respectively. Amongst other factors,
it is concluded that the variability of climate has led to drought and thus impacted on the conversion
of LULC in the study area. Due to low economic efficiency, changing climate conditions, and a lack
of irrigated water, the area of rice crops, forestry, aquaculture, and upland rice decreased, replaced by
land for orchards for fruit production and other cash crops.

Keywords: agriculture; drought; climate change; land-use and land-cover change (LULCC); An
Giang province; Mekong delta

1. Introduction

Due to its natural sensitivity to weather fluctuations, agriculture is one of the sectors
most at risk from the effects of climate change and variability [1,2]. Therefore, there is
growing concern that both food security and agriculture-dependent livelihoods may be at
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risk [3]. In particular, drought occurrences pose a serious risk to the livelihood security of
rural families [4,5]. Droughts occur virtually in all climatic zones and negatively impact
natural habitats, ecosystems, society, and the economy. They are considered as the most
common and harmful natural hazard [6–9]. Droughts severely influence the socioeconomic
state of Thailand, Cambodia, Laos, and Vietnam on a regular basis and affect about 85% to
90% of the livelihoods of people residing in rural areas in the Lower Mekong Basin (LMB)
region [10]. The LMB has experienced several extreme drought events in recent decades,
including in the years 1992, 1999, 2003, 2015–2016, and 2019–2020 [10,11]. These led to
substantial economic losses, primarily due to crop damages. The most extreme drought in
2016 caused USD 1.7 billion in damages in Thailand and caused water shortages in 18 out of
25 provinces, also affecting 2.5 million people in Cambodia. In Vietnam, the drought in 2016
is estimated to have cost USD 669 million, while the estimated recovery costs amounted
to approximately USD 1.5 billion [10]. According to the results of Wang et al. [12], who
used multiple indicators based on eleven Coupled Model Intercomparison Project Phase
6 (CMIP6) global climate models (GCMs) to assess global drought characteristics, future
droughts will increase in most parts of the world. However, few studies have focused
on the seasonal characteristics of drought in the LMB, in particular using the new CMIP6
outputs [7].

Precipitation shows strong spatial–temporal heterogeneity under global climate change,
and assessing the variability of future precipitation is essential to understanding the impact
of climate change on a range of natural and socioeconomic systems [13,14]. The latest
outputs of CMIP6 models, based on a new set of possible alternative future scenarios, is
more suitable for use thanks to improved spatial specificity and less uncertainty of precipi-
tation compared with the CMIP5 projections [15]. The Sixth Assessment Report (AR6) of
the Intergovernmental Panel on Climate Change (IPCC) highlights that the global surface
temperature was 1.09 ◦C warmer during 2011–2020 than 1850–1900, with a higher increase
across the land (1.59 ◦C) than over the oceans (0.88 ◦C). Precipitation is a key component
of the hydrological cycle, combining atmospheric and land surface processes, and there is
likely to be an increase in globally averaged precipitation across the land since 1950, with
a higher rate after the 1980s [16–18]. However, at a regional scale, precipitation has been
considerably found to increase (decrease) at high (low) latitudes in recent decades [19].
Changes in precipitation have impacted both water resources supply and management and
progress towards the 2030 Sustainable Development Goals adopted by the United Nations
(UN) in 2015 [20,21]. Therefore, understanding and exploring the relationship between
climate change, future drought risk, and land use and land cover is important for the
overall sustainability of the LMB because of its high human population density, susceptible
infrastructure, and poor planning of land use and management practices [22,23].

Several authors have assessed climate change and its impacts in Southeast Asia
(SEA) recently. Fei Ge et al. [24] used outputs from 15 climate models from the CMIP6 to
evaluate projected changes in precipitation extremes for SEA by the end of the 21st century
and suggested that CMIP6 multi-model ensemble medians showed better performance
in characterizing precipitation extremes than individual models. Moreover, projected
changes in precipitation extremes increased significantly over the Indochina Peninsula
and the Maritime Continent. Supharatid et al. [25] projected changes in temperature and
precipitation over mainland SEA using CMIP6 models to highlight the threats to Cambodia,
Laos, Myanmar, Vietnam, and Thailand. They found that the effectiveness of anticipated
climate change mitigation and adaptation strategies under SSP2-4.5 results in slowing
down the warming trends and decreasing precipitation trends after 2050. All these findings
imply that countries of SEA need to prepare appropriate adaptation measures in response
to climate change. Recently research focused on the impact of future climate change
on river discharge in Ho Chi Minh City (HCMC) [26]. They used a calibrated SWAT to
simulate the discharge under seven GCMs derived from CMIP6 under three SSPs, with
results suggesting that the climate of HCMC will be warmer and wetter by the end of the
21st century.
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It has been clearly demonstrated that a knowledge gap exists, with a lack of studies
considering the downscaled climate change impacts on drought and land use and land
cover change at smaller scales, i.e., the provincial level required for adaptation planning.
Short- and medium-term drought indicators like SPI 3 or SPI 6 were frequently used in
studies on drought and its effects on agriculture in Vietnam and other nations [1,2,27–29].
In addition, a variety of drought indices are employed to evaluate the severity of a region’s
drought, but this requires more information [30–33]. The influence of SPI on LULC in the
context of climate change is also found in many studies [33,34].

Short-term land use changes are often associated with human activities due to the
development of society and change in land use according to market economy fluctuations
in the absence of a long-term strategy [35,36]. In Vietnam, the two dominate land use
functions are agricultural land and non-agricultural land [37].Usually there is a conversion
of agricultural land for socioeconomic development purposes. Moreover, a change can
occur within a land-use category (mainly within the agricultural land category). Such
changes usually occur as a result of a land use type changing into a type of higher economic
efficiency [38–40]. Often driving factors for land use change are low crop productivity due
to erratic weather changes, irrigation water availability, soil suitability, and hydrometeoro-
logical and climate-related changes due to prolonged drought, saltwater intrusion, and sea
level rise [41–43].

Therefore, the objective of this study is to assess the impacts of climate change on
drought and land use and land cover changes (LULCC) in the upper section of the Viet-
namese Mekong Delta (VMD). We first assess current and future drought in the context
of climate change, according to three selected scenarios, using Standardized Precipitation
Index (SPI). In addition, we explore change of land use for the period from 2010 to 2020 in
An Giang province, taking the associated climatic variability into consideration.

2. Methodology

2.1. Study Area

An Giang is an upstream province of the Mekong River in Vietnam, with both
plains and a semi-mountainous area concentrated in the districts of Tri Ton and Tinh
Bien (Figure 1). An Giang has a natural area of 353,683 ha, equal to 1.03% of Vietnam’s
total land area, and is ranked fourth among the Mekong Delta provinces in terms of total
agricultural area. In total, An Giang has 296,719 ha of land used for agriculture, accord-
ing to the official land use data of 2019 (including 242,337 ha of land for rice cultivation,
11,648 ha of land for other annual crops, 25,343 ha of land for perennial crops, 11,643 ha of
forestry land, 5530 ha of aquaculture land, and 219 ha of other agricultural land) [44,45].
The province has a population of approximately 1,907,401, with an ethnic population of
91,408 Khmer concentrated in the two mountainous districts of Tinh Bien and Tri Ton [46].
In 2020, the total planted area in the province was 707,100 ha (of which 637,200 ha are rice,
50,600 ha are crops, and 19,300 ha are fruit trees), with 1582 ha being planted forest [44].
The majority of An Giang’s domestic and agricultural water needs are met by reservoirs
in the semi-mountainous region [47]. As a result, changes in precipitation here have a
significant effect on the local economy and livelihoods.

2.2. Drought Analysis

The Standardized Precipitation Index (SPI), developed by McKee et al. [27,48] is widely
used worldwide [28,49–51]. In this study we used the SPI to calculate the impact of drought
on agriculture and establish its frequency using various time steps, as well as for the two
cropping seasons (summer–autumn and winter–spring). In order to assess the short- and
medium-term drought levels, SPI 3, SPI 6, and SPI 9 tests were performed. Furthermore,
the seasonal SPI was also calculated.

3



Land 2022, 11, 2175

Figure 1. Location of An Giang province (left) and the utilized meteorological stations (right).

Assuming a precipitation series at a given timescale X = x1, x2, x3, . . . , xn, n = 1, 2,
3, . . . , n represents the length of the series, and the distribution function f (x, θ) can best
describe the distribution of the precipitation series X.

X ∼ f (x, θ) (1)

where θ is the parameter sets of the function f (x) that can be estimated based on the sample
series X.

Then, the cumulative distribution function can be expressed as,

F(x) =
∫ x

0
f (x, θ)dx (2)

Equation (2) can be used to determine the cumulative probability of each observed
precipitation event, xi. The SPI then undergoes an equiprobability transformation from the
cumulative probability to the unit variance, zero mean, standard normal random variable Z.

SPI = Φ−1(F(X)) (3)

where Φ−1 (•) is the inverse of a standard normal cumulative distribution function Φ (•)
with zero mean and unit variance. Considering the fact that some kinds of distribution
functions are not defined for x = 0, such as the Gamma function, an adapted statistic H (x)
can be expressed as Equation (4).

H(x) = q + (1 − q)F(x) (4)

where q is the probability of no precipitation, which can be computed by simply dividing
the number of months (N) by the number of months (n) that have no precipitation (Vicente-
Serrano, 2006) [52]. Equation (5) can then be used to describe the SPI computation process.

SPI = Φ−1(H(X)) (5)

In this study, we used the SPI-based drought classification for Vietnam, in which
SPI = −0.25 signifies the onset of drought conditions [53,54]. Drought begins when the

4
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SPI first falls below the negative value of 0.25 or less and ends when the SPI returns to a
positive value of 0.25 or higher (Table 1).

Table 1. The classification of drought and wet according to the SPI index.

Drought Levels SPI Values Drought Levels SPI Values

Normal 0–0.24 Normal (−0.24)–0
Very slightly wet 0.25–0.49 Very slight drought (−49)–(−0.25)

Slightly wet 0.5–0.99 Slight drought (−0.99)–(−0.5)
Moderately wet 1–1.44 Moderate drought (−1.44)–(−1)

Severely wet 1.5–1.99 Severe drought (−1.99)–(−1.5)
Extremely wet >2 Extreme drought <(−2)

2.3. Climate Change Scenarios

This study utilized the recent output from the CanESM5-CanOE (2.810 × 2.810 grid)
developed by the Canadian Centre for Climate Modeling and Analysis, Victoria, Canada.
Data associated with this study is available from https://esgf-node.llnl.gov/search/cmip6/
(last accessed 10 September 2022). New outputs from CMIP6 have recently been released
by the IPCC. While the CMIP5 projected the future climate based on greenhouse gas
emissions represented by four representative concentration pathways (RCPs), namely
RCP2.6, RCP4.5, RCP6.0, and RCP8.5 [55], the CMIP6 designed five scenarios called shared
socioeconomic pathways (SSP), namely SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5, to
include socioeconomic factors such as the growth of population, economics, urbanization,
and other factors [56]. The improvement of CMIP6 scenarios includes wider equilibrium
climate sensitivity (ECS) with an increasing temperature range of 1.5–4.5 ◦C. The models in
CMIP6 are expected to improve their capability and reduce uncertainty over the previous
CMIP5 and CMIP3 [13,57].

In this study, the three scenarios, SSP1-RCP2.6 (SSP1-2.6), SSP2-RCP4.5 (SSP2-4.5), and
SSP5-RCP8.5 (SSP5-8.5) were chosen for analysis [58,59]. Historical simulations (1850 to
2014) and projections (2015 to 2100) from CMIP6 GCMs were employed in this study, with
the climatic variables consisting of daily maximum near-surface air temperature (tasmax,
in K), daily minimum near-surface air temperature (tasmin, in K), and precipitation rate
(pr, in mm/day). The study period was divided into three periods for equal comparison
including historical (2000–2020), future (2021–2040), and (2041–2060). The mentioned
climatic variables were downloaded by extracting the grid value that was the closest to the
observation station grid point [7].

Since there is large uncertainty as to the extent to which climate change responses
might alter emission scenarios, it should be noted that the selected scenarios (SSP1, SSP2,
and SSP5) for this study are only two plausible descriptions of how future emissions might
develop at low-average and high socioeconomic pathways. Precipitation output from this
cannot be used due to biases between the simulated variables for the current (control)
climate and observed values. The delta change approach was used to correct these biases
by transferring the signals of climate change derived from a climate model simulation to the
observed database, and this method is considered a better bias correction of precipitation
on a monthly and seasonal basis [60,61]. In this study, the means were calculated on a
monthly basis for each 20-year period of climate output. The 12 delta change factors for
precipitation were used to perturb the observed database and calculated as follows:

ΔP(j) =
Pscen(j)
Pcontr(j)

(6)

PΔ(i, j) = ΔP(j)× Pobs(i, j) ( i = 1 ∼ 31; j = 1 ∼ 12) (7)

where ΔP(j) is the delta factor; Pcontr(j) and Pscen(j) are the precipitation in month j aver-
aged for the 20-year control (2000–2020) and scenario (2021–2060) periods centered in 2040
simulated by the GCM; PΔ(i, j) is the projected precipitation (bias-corrected precipitation)

5
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under the SSP1, SSP2, and SSP5 scenarios; Pobs(I, j) is the observed precipitation represent-
ing current climate; suffixes i and j stand for the ith day and the jth month, respectively.

For temperature, absolute change is used for the delta change factors, as follows:

ΔT(j) = Tscen(j)− Tcontr(j) (8)

TΔ(i, j) = Tobs(i, j) + ΔT(j) ( i = 1 ∼ 31; j = 1 ∼ 12) (9)

where ΔT(j) is the delta change factor; Tcontr(j) and Tscen(j) are the temperature in month j
averaged for the 20-year control (2000–2020) and scenario (2021–2060) periods centered in
2040 simulated by the GCM; TΔ(I, j) is projected temperature (bias-corrected temperature)
under the SSP1, SSP2, and SSP5 scenarios.

The projected precipitation (bias-corrected precipitation) under the SSP1, SSP2, and
SSP5 scenarios was then used to calculate the future SPI as presented in Equation (5).

2.4. Land Use and Land Cover Change

Data collected to assess the change in land use in the period from 2010 to 2020 in An
Giang province included data, reports, and maps of land inventories from the Department
of Natural Resources and Environment of An Giang province (DONRE). Then, we explored
the change in land use through the synthesis, analysis, and construction of tables and charts
to compare and evaluate the change in area of land use types by the descriptive statistics
method. We also assessed the transition between land use types in the same period. At the
same time, we explored the drivers of land use change. In addition, the map method has
been used to normalize the data and overlap to determine the areas that have undergone
change in the period from 2010 to 2020 using ArcGIS 10.6 software. The overlap diagram
determining the land use change area for the period 2010 to 2020 with the GIS tool is
depicted in Figure 2.

Figure 2. The overlap diagram for determining the land use change area for the period of 2010
to 2020.

6
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3. Results and Discussion

3.1. Current Drought Assessment

Current drought based on the time series at 3, 6, and 9 monthly SPI for the Chau
Doc and Tri Ton stations are shown in Figures 3 and 4, respectively. From Figure 3, it
can be seen that the 3-month continuous drought (SPI 3) responds faster to changes in
precipitation than the 6-month and 9-month continuous droughts, respectively. However, it
is also indicated that the 6-month and 9-month continuous droughts show more clearly the
seasonal variability of precipitation or events of drought or wetness over time. Comparing
drought in Chau Doc and Tri Ton stations, it is clearly indicated that the drought SPI 3,
SPI 6, and SPI 9 at Tri Ton station tend to gradually increase over time, with slightly less
variation seen than those at Chau Doc station.

Figure 3. Drought time series at 3, 6, and 9 monthly SPI for the Chau Doc meteorological station. The
best-fit lines using polynomial (Poly).

In addition, the frequency and duration of dry periods were determined using the
SPI 3-, SPI 6-, and SPI 9-month drought time series from 1980 to 2019. Figures 3 and 4 also
show that the variation in drought and wet periods over time is greater in Chau Doc than
at Tri Ton Station. As SPI decreases over time, Tri Ton station shows more variation than
Chau Doc station. This means that this area was drier between 1980 and 2019. The standard
deviations for SPI 3-, SPI 6-, and SPI 9-month, respectively, were 0.74, 0.60, and 0.50 at Tri
Ton Station, and 0.70, 0.46, and 0.47 at Chau Doc Station. Three consecutive months were
found to appear more frequently at both stations than six and nine consecutive months.

7
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However, the number of occurrences differed little between the 6-month and 9-month
consecutive terms.

Figure 4. Drought time series at 3, 6, and 9 monthly SPI for the Tri Ton meteorological station. The
best-fit lines using polynomial (Poly).

Details of SPI values for drought and wet durations for the 1980–2019 period at Chau
Doc and Tri Ton stations are listed in Tables 2 and 3, respectively. From Tables 2 and 3, it
can be seen that the longest durations of dry and wet periods were observed from 2013 to
2016 (25 months from October 2013 to June 2016) and 1998 to 2001 (33 months from March
1998 to July 2001), respectively, at Chau Doc station. The second and third droughts, on the
other hand, lasted approximately as long as the first; specifically, the two occurrences of
the second drought occurred for periods lasting between 21 and 23 months (February 1989
to July 1991 and September 1991 to January 1994). The first longest duration of drought
for SPI 3, SPI 6, and SPI 9 patterns at Chau Doc station were 15–16, 21, and 25 months,
respectively. At Tri Ton station, the first longest duration of drought for SPI 3, SPI 6, and
SPI 9 patterns were 11, 14–15, and 16–17 months, respectively. At Chau Doc Station, the
first longest duration of wet periods for SPI 3, SPI 6, and SPI 9 patterns were 10, 15, and
33 months, respectively, whilst at Tri Ton Station, the first longest duration of wet periods
for SPI 3, SPI 6, and SPI 9 patterns were 10, 15, and 19 months, respectively. These results
clearly indicate that the duration of drought and wet periods at Chau Doc is longer than
those at Tri Ton.

8
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Table 2. SPI values for periods of drought and wet durations in the timeframe of 1980–2019 at Chau
Doc meteorological station.

Chau Doc

Characteristics 3-month 6-month 9-month
Number of SPI ≤ −0.25 129 91 72
The first longest duration/occurrence times of
drought (month) 15–16/2 21/1 25/1

Time period, first longest duration 2012–2014, 2014–2015 1991–1993 2013–2016,
The second longest duration of
drought (month) 11–12/2 19/2 21–23/2

Time period, second longest duration 1990–1991, 2001–2003 2012–2014, 2014–2016, 1989–1991, 1991–1993
The third longest duration of drought (month) 8–9/3 15/1 14–16/2

Time period, third longest duration 1989–1990, 1992–1993,
2009–2010 2002–2003 2002–2003, 2012–2014

Number of SPI ≥ 0.25 135 133 123
The longest duration of wet 10 15/1 33
Time period, first longest duration (month) 2016–2017, 1988–1989 1998–2001,
The second longest duration of wet (month) 9 13/1 12–13/2
Time period, second longest duration 2008–2009 2007–2009 2007–2009, 2010–2011
The third longest duration of wet (month) 8 12/2 10/2
Time period, third longest duration 1999–2000 1999–2000, 2010–2011 1981–1982, 2016–2017

Table 3. SPI values for drought and wet duration in the period of 1980–2019 at Tri Ton meteorologi-
cal station.

Tri Ton

Characteristics 3-month 6-month 9-month
Number of SPI ≤ −0.25 116 73 34
The first longest duration/occurrence times of
drought (month) 11/1 14–15/2 16–17/2

Time occurrence first longest duration 1985–1986, 2003–2005, 2012–2013, 2003–2005, 2012–2014,
The second longest duration of
drought (month) 8–9/2 12–13/2 14–15/2

Time occurrence second longest duration 1991–1992, 2003–2004, 1984–1986, 2009–2010 2014–2016,
The third longest duration of drought (month) 7/3 8–9/3 11–12/3

Time occurrence third longest duration 1989–1990, 2012–2013,
2015–2016,

2001–2002, 2011–2012,
2014–2016

1984–1986, 2009–2010,
2013–2015

Number of SPI ≥ 0.25 122 109 96
The longest duration of wet 10/1 15/1 19/1
Time occurrence first longest duration (month) 1987–1988 1980–1981 1998–2000
The second longest duration of wet (month) 9/1 10/1 18/1
Time occurrence second long duration 1998–1999 1998–1999 1980–1982,
The third longest duration of wet (month) 7/2 9/3 12/1

Time occurrence third longest duration 1980–1981, 2000–2001 1981–1983, 1987–1988,
2000–2001 1986–1988

3.2. Future Drought Assessment
3.2.1. Climate Change

Delta changes in the monthly precipitation extracted directly from the grid cells of the
CanESM5-CanOE emission scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5 closest to the stations
in the study area were used to generate the monthly precipitation series, which was then
used to calculate the corresponding SPIs. Details on the monthly delta change factors of
precipitation (%), Tmax (◦C), and Tmin (◦C) of the scenario period (2021–2060) compared
with the control period (2000–2020) under scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5 in
the study area (at Chau Doc and Tri Ton stations), respectively, are shown in Figure 5a,b.
The results of downscaled precipitation revealed that future precipitation in the study area
would increase in both the wet and dry seasons under the three scenarios, with the highest
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increases seen in the wet season (period from mid-May to mid-November) in the month
June, followed by September and July. Although it was found that there was an increase in
precipitation in the dry season, with the highest percentage found in the month February
and January, it should be noted that the “real” amount of increased precipitation volume is
very modest.

Figure 5. Delta change in precipitation (%) and (a) maximum temperature (◦C) and (b) minimum
temperature (◦C) under climate change scenarios SSPI 2.6, SSP2 4.5, and SSP5 8.5 in the study area.

In addition, the maximum temperature was projected to increase both during the wet
and dry seasons under all scenarios and at all stations. The dry season (mid-November to
mid-May), showed the largest increase in maximum temperature. This increase in maxi-
mum temperature, consequently, would lead to an increase in potential evapo-transpiration
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(ETo). Thus, this would impact the agricultural water resources and in turn lead to the
conversion/change of crops or land use in the study area.

3.2.2. Future Drought Assessment (SPI 3, SPI 6, SPI 9 Patterns)

The different time series (SPI 3, SPI 6, SPI 9) for monthly drought patterns at Chau
Doc and Tri Ton meteorological stations using various climate change scenarios are shown
in Figures 6 and A1 with scenarios SSP1 2.6 (a), SSP2 4.5 (b), and SSP5 8.5 (c), respectively.

Figure 6. Different time series (SPI 3, SPI 6, SPI 9) for monthly drought patterns at Chau Doc
meteorological station using various climate change scenarios, SSP1 2.6 (a), SSP2 4.5 (b), and SSP5
8.5 (c).
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According to the precipitation data from the climate change scenarios for Chau Doc
and Tri Ton stations, the level of precipitation tends to decrease, with only two extremely
wet events occurring at Chau Doc station between 2020 and 2060. In comparison, Tri Ton
station displayed significantly more events.

The results highlight that extreme wet or dry conditions are unlikely to occur in the
VMD under the assessed climate change scenarios. There are multiple extremely wet
seasons solely in the SSP1 2.6 scenario. However, in climate change scenarios, there is
no discernible difference between SPI 3, SPI 6, and SPI 9. Additionally, the trend of SPI
variation over time is ambiguous.

Table 4 and Figure A1 show the number of occurrences of drought and wet periods in
the different patterns of SPI using climate change data at Chau Doc and Tri Ton stations,
respectively. It can be seen that for Chau Doc meteorological station in the future, the
duration of the drought shows little change, while the wet occurrence time has decreased
for SPI 3, SPI 6, and SPI 9 under scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5. Meanwhile, at
the Tri Ton station, the humidity level has changed little, while the occurrence of drought
increases, particularly in SPI 6 patterns. SPI 6 shows 110 drought events from 1980 to 2020,
but this is forecasted to increase to 198 drought events in the future.

Table 4. Number of occurrences of drought and wet period in the different patterns of SPI using
climate change data at Chau Doc station.

Categories
SSP 1_2.6 SSP 2_4.5 SSP5_8.5

SPI 3 SPI 6 SPI 9 SPI 3 SPI 6 SPI 9 SPI 3 SPI 6 SPI 9

Extreme drought 0 0 0 0 0 0 0 0 0
Severe drought 2 0 0 2 0 0 2 0 0
Moderate drought 41 18 0 41 18 0 41 18 0
Slight drought 99 91 30 99 91 30 99 91 30
Very slight
drought 0 0 0 0 0 0 0 0 0

Very slightly wet 29 68 91 29 68 91 29 68 91
Slightly wet 55 119 63 55 119 63 55 119 63
Moderately wet 64 24 6 64 24 6 64 24 6
Severe wet 25 2 1 25 2 1 25 2 1
Extreme wet 7 0 0 7 0 0 7 0 0

3.3. Land Use Land Cover Change from 2010 to 2020

Figure 7 presents the area of land use types in 2020 for An Giang province. It shows
that agricultural land was the dominant land use, including specialized rice crops (triple
rice and double rice), upland rice, cash crops, fruits, and other agricultural land, in which
the area of specialized rice cultivation occupied 23.9 × 104 hectares (ha) and was distributed
mainly in the districts along the Tien and Hau rivers such as An Phu, Cho Moi, Phu Tan,
Chau Phu, Chau Thanh, and Thoai Son districts, as can be seen in Figure 8. In addition, the
area of fruits accounted for 5.0% (1.76 × 104 ha) of the natural land area of the province; this
type of farming has grown strongly in recent years because of its high economic efficiency
compared to other agricultural land uses. Next, the area of cash crop land occupied
1.18×104 ha; this was one of the land use types that farmers preferentially select to replace
inefficient rice crops. Other types of land use showed a smaller area and were distributed
widely (Figure 7).

The area of land use types of An Giang province in the period from 2010 to 2020
showed a gradual increase in the area of non-agricultural land (by 22.4%), as can be seen
in Figure 9. The reason was the conversion of agricultural land to non-agricultural land
that aimed to meet the needs of socioeconomic development of the province, especially
to meet the needs for the development of infrastructure systems and residential areas
due to population growth. Moreover, forest and rice crop land showed a decreasing
trend. In contrast, the area of land for cash crops and fruits increased (by 24.4 and 170.6%,
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respectively). The above transformation trend was due to the fact that the production
efficiency of rice and forest land was not high, due to the influence of acid soil, unusual
weather due to climate change, and fluctuating market prices. As such, farmers have
tended to switch to other crops which have higher economic efficiency such as fruits and
cash crops.

Figure 7. Percentage area of land use types in An Giang province in the year 2020.

Figure 8. Land use map for An Giang province in the year 2020.
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Figure 9. Changes in the area of land use types in the period of 2010–2020 in An Giang province.

Table 5 shows the area of rotation of different types of land use in the period of
2010–2020. As can be seen in Table 5, the transformation of land use types in An Giang
province in the period from 2010–2020 shows widespread change.

Table 5. Land use change matrix for the period of 2010–2020 in An Giang province.

Year 2010
Year 2020

Non-
Agricultural

Unused
Land

Water
Surfaces

Forestry
Rice

Crops
Upland

Rice
Cash
Crops

Perennial
Crops

Others
Agricul-

tural

Area 2010
(ha)

Non-
Agricultural 26,118.8 8.6 1531.7 137.8 1464.8 94.5 432.4 1240.0 7.8 31,036.4

Unused Land 112.3 689.6 20.2 453.5 546.4 16.9 12.2 98.9 - 1949.9
Water Surfaces 3504.7 180.2 21,184.9 97.8 5570.2 61.1 736.6 849.5 15.1 32,200.1
Forestry 408.4 83.5 95.6 10,436.6 1726.1 117.7 322.8 684.6 - 13,875.2
Rice crops 5253.0 0.8 5941.0 160.2 22,5931.6 1495.6 5376.9 8621.3 51.9 252,832.3
Upland rice 397.9 10.4 66.2 77.1 1807.8 2469.0 524.6 296.7 7.4 5657.2
Cash crops 720.6 28.2 759.6 36.2 1510.8 54.6 3932.9 2278.0 - 9320.9
Perennial crops 1463.4 0.9 189.8 249.2 471.7 148.8 442.2 3530.0 10.7 6506.7
Others
agricultural 9.7 1.4 2.1 0.5 47.4 - - 5.2 84.7 151.0

Year 2020 (ha) 37,988.8 1003.5 29,791.1 11,649.0 239,076.5 4458.0 11,780.6 17,604.3 177.7 353,529.6

Figure 10 presents the map of land use changes for the period of 2010–2020 of An
Giang province. From Figure 10, it is indicated that the area of other land types, such as
surface water (aquaculture), has been converted to other types of land use, such as rice
crops, cash crops, and fruits (as can be also seen in Table 5). This may be due to the reduced
economic efficiency of aquaculture in recent years, following the sharp drop in the selling
price of products. The area cultivated for rice crops also shows strong a conversion to
upland rice and cash crops due to drought, which leads to a shortage of water for irrigation
in the dry season. In addition, the area of land use for fruits converted from other types
of land use, mainly rice and cash crops that have not brought high economic benefits.
In general, the trend of changing land use types in An Giang province in the period of
2010–2020 was consistent with the province’s socioeconomic development trend. However,
the transformation was fragmented, not centralized, and difficult to manage and monitor
for the local authorities.

The change of land use in the period from 2010 to 2020 was assessed, and when taking
the associated climatic variability into consideration, it is shown that both maximum and
minimum temperature were found to increase in both the wet and dry seasons under the
three mentioned scenarios (especially in the dry season (mid-November to mid-May)); the
increases in maximum temperature are found to be highest. The increase in the current
drought frequency, as discussed previously, was found to be associated with LULCC. It is
clearly indicated for the period of 2010–2020 that the area of agricultural land in An Giang
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province decreased and was replaced by non-agricultural land. This is due not only to
its low economic efficiency, but also to changing climate conditions (especially max/min
temperature) leading to a lack of irrigated water. Consequently, the area of rice crops,
forestry, aquaculture, and upland rice was found to decrease within the agricultural land
group (Table 5 and Figure 10).

Figure 10. Map of land use changes for the period 2010—2020 in An Giang province.
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4. Conclusions

For the period of 1980–2020, SPI 3 responded quickly to changes in precipitation,
whereas SPI 9 showed a clear trend of precipitation over time. Moreover, for all-time series
scales and climate change scenarios, the levels of drought in the study area were typically
slight, followed by moderate. In the future, the wet period events at Chau Doc station are
expected to decrease, while the occurrence of drought events is expected to increase at Tri
Ton station in the semi-mountainous area.

Future precipitation and both maximum and minimum temperature are projected
to increase both during the wet and dry seasons under scenarios SSP1-2.6, SSP2-4.5, and
SSP5-8.5 at both Chau Doc and Tri Ton, of which, in the dry season (mid-November to
mid-May next year), the increases in maximum and/or minimum temperature are found
to be highest. This consequently would lead to an increase in potential evapo-transpiration
(ETo) and impact on the water resources available for agriculture, and thus may ultimately
lead to the conversion or change in crops or land use within the study area.

It is noted that in the period of 2010–2020, the area of agricultural land in An Giang
province decreased and was replaced by non-agricultural land uses. Due to low economic
efficiency, changing climatic conditions, and a lack water for irrigation, the area of rice
crops, forestry, aquaculture, and upland rice tended to decrease within the agricultural
land group, replaced by land for growing fruits and cash crops.

As only one RCM (CanESM5-CanOE) was considered in this study, future studies
should investigate the outputs from other GCMs available from CMIP6 for the associated
uncertainty analysis. In addition, the ensemble output from reliable GCMs based on their
skill scores should be taken into consideration in the future.
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Appendix A

Figure A1. Different time series (SPI 3, SPI 6, SPI 9) for monthly drought patterns at Tri Ton
meteorological station using various climate change scenarios, SSPI 2.6 (a), SSP2 4.5 (b), and SSP5
8.5 (c).
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Appendix B

Table A1. Number of occurrences of drought and humidity in the different patterns of SPI using
climate change data at Tri Ton station.

Categories
SSP 1_2.6 SSP 2_4.5 SSP5_8.5

SPI 3 SPI 6 SPI 9 SPI 3 SPI 6 SPI 9 SPI 3 SPI 6 SPI 9

Extreme drought 0 0 0 0 0 0 0 0 0
Severe drought 2 0 0 0 0 0 2 0 0
Moderate drought 41 18 0 36 20 0 36 19 0
Slight drought 99 91 30 94 87 23 108 83 34
Very slight
drought 0 0 0 0 0 0 0 0 0
Very slightly wet 29 68 91 17 56 85 30 84 75
Slightly wet 55 119 63 64 126 72 73 106 46
Moderately wet 64 24 6 58 30 9 61 6 2
Severely wet 25 2 1 30 5 1 15 2 0
Extremely wet 7 0 0 9 0 0 1 0 0
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Pull and Push Drivers of Giant-Wave Spectators in Nazaré,
Portugal: A Cultural Ecosystem Services Assessment Based on
Geo-Tagged Photos
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Abstract: This paper maps the cultural ecosystem services (CES) of a well-known giant-wave
hotspot located in Nazaré, Portugal. The paper adopts a qualitative approach combining an auto-
ethnographic direct observation of a journey and the content analysis of photos and videos posted
on the YouTube and Facebook pages of tourists and operators. A total of 44 geotagged photos from
a sample of 6914 photos retrieved from Flickr allowed the classification and spatial distribution of
several CES: (1) recreational—surf activities; (2) aesthetic—photography; (3) spiritual—dark tourism
and risk recreation; (4) intangible heritage—maritime knowledge; (5) scientific—wave height forecast;
(6) sense of place; and (7) social relations. The paper also proposes a theoretical framework that
highlights the pull drivers (risk recreation, storm chasing, or spectacular death voyeurism) and the
push drivers (e.g., marketing campaigns and wave forecasts alerts) that explain the behaviors of
the big-wave spectators/chasers during the experience journey. Public decision-makers, destination
marketing organizations, tourism operators, and business entrepreneurs must acknowledge the rele-
vance of journey mapping in order to identify the moments of stress and the touchpoints associated
with peak/positive experiences generated by these CES. This study confirms some push and pull
factors assessed by previous studies.

Keywords: cultural ecosystem services; coastal tourism; risk recreation; spectacular death voyeurism;
storm chasing; geotagged photos; Praia do Norte (Nazaré, Portugal)

1. Introduction

The coastal town of Nazaré in Portugal became the “mecca” of giant waves (see
Figure 1) when, on 1 November 2011, Garret McNamara rode a giant wave 1. The process
of adaptation and training started two years before (2009), when the Nazaré Municipal
authorities challenged the surfer to test the uniqueness of their waves. The international
recognition of the waves was achieved through several world Guinness records and World
Surf League (WSL) awards. The whole story is portrayed in the HBO documentary “One
hundred-foot wave” 2.

The awareness of Nazaré as a surf tourism destination exponentially increased with
the publication of photographs of surfers riding the waves and beating Guinness records 3.
Since then, the international media has been highlighting the shift in the strategic posi-
tioning of this small fisherman’s town, from a (summer) beach destination to a (winter)
giant-wave surfing/chasing destination 4.

Table 1 shows the evolution of the number of hotel guests from 2010 (before the
buzz marketing around Nazaré) and 2019 (the year before the COVID-19 pandemic). It
increased 295% in this nine-year period, from 44,931 to 132,466 tourists per year. The
highest increase occurred among USA tourists. This positive effect on tourism for Nazaré
is a direct consequence of Garret McNamara’s accomplishment in November of 2011 [1].
Nevertheless, according to Statistics Portugal, Nazaré’s population has decreased from
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14,383 inhabitants in 2009 to 14,180 in 2018. However, during the big wave periods, the
town’s population increases ten-fold, to almost 100,000 people [2].

 

 

Figure 1. Nazaré, Portugal (location map): surfer riding a big wave, the rescue team of water bikes
and the spectators/big-wave chasers. Source: Facebook page of “Praia do Norte” 5.

Table 1. Comparative evolution of the number of hotel guests, according to their home countries:
in 2010 (before Garret McNamara’s first famous giant wave ride) and 2019 (the last available data
without the effect of the COVID-19 pandemic).

Portugal
(2010)

Portugal
(2019)

Oeste (2010) Oeste (2019) Nazaré (2010) Nazaré (2019)
Variation

2010–2019(%)

Total 13,537,040 25,249,904 286,305 650,917 44,931 132,466 295%
Portugal 6,705,460 9,941,747 199,516 361,351 27,389 58,115 212%

UE27/UE28 12,112,682 10,602,067 266,678 194,081 39,934 48,466 121%
Germany 728,784 1,602,066 7469 25,853 1031 6630 643%

Spain 1,375,842 2,069,645 21,066 52,749 4667 11,797 253%
France 574,828 1,641,912 12,156 40,404 2951 13,271 450%
Italy 365,368 6549 1159
The

Netherlands 351,635 2905 351

UK 1,111,197 2,042,867 5322 12,227 991 1156 117%
Africa 195,954 1258 237

USA/America 266,248 2,648,454 3647 55,038 741 12,469 1683%
Asia 993,201 20,887 7899

Oceania 173,699 3309 1000

Source: Statistics Portugal.

The Nazaré Canyon is an undersea canyon just off the coast of Nazaré, Portugal, in
the Eastern Atlantic Ocean. It has a maximum depth of at least 5000 m (16,000 ft) and is
about 230 km long [3]. The Hydrographic Institute explains big waves as immense swells
emerging from the west and northwest directions entering the coastal region. The wave’s
refraction is based on the differences between the canyon’s depth and the continental shelf.
This causes a change in the direction through the canyon, which leads to an increase in
speed. According to the steep vertical variation of the canyon, the depth reduction causes a
shoaling effect, which means that the wave length is reduced while an increase in the wave
height occurs [4,5].

This paper maps and evaluates the cultural ecosystem services (CES) of this giant-wave
hotspot. Cultural Ecosystem Services (CES) are defined as “the non-material and intangible
benefits arising from multi-dimensional human-nature relationships, such as cultural
heritage, place identity, spiritual enrichment, cognitive development and learning” [6].
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The phenomenon of giant waves in Nazaré has received the attention of several
researchers [1,2,7,8].

Nevertheless, there is a gap in the literature because the assessment and spatial
mapping of the cultural ecosystem services provided by this nature attraction were not
investigated in previous studies. Moreover, the extant literature did not analyze the
relationship between these CES and the push and pull drivers of several groups of individ-
uals/stakeholders who play different roles and perform different activities in this coastal
hotspot. Furthermore, few papers have examined the motivations and behaviors of water
sport spectators.

Therefore, this paper provides an innovative contribution to the field and investigates
the following research questions:

RQ1. What kind of cultural ecosystem services (CES) are provided by the Nazaré undersea
canyon? In particular, this paper will focus on the recreational, aesthetical, and
spiritual CES that are imbedded in the surf tourism experience journey.

RQ2. What are the influences of external factors on the spatial distribution of cultural services?
RQ3. What are the push/pull motivations and drivers of the giant-wave chasers/spectators?

Furthermore, research into the customer experience/customer journey has received at-
tention from several authors [9–12], as well as the tourism and hospitality industry [13–16].
Lemon and Verhoef (p. 71) defined customer experience as a “multidimensional construct fo-
cusing on a customer’s cognitive, emotional, behavioral, sensorial and social responses to a
firm’s offerings during the customer’s entire purchase journey” [17]. Moreover, Bolton et al.
conceptualized customer experiences within a three-dimensional space, bringing together
the digital, physical, and social realms [18]. Therefore, a fourth research question emerged:

RQ4. How is the giant-wave tourist’s experience journey? This paper provides a new tool
for destination managers and tourism operators by proposing a holistic theoretical
framework that describes the influences of the push and pull drivers at different
stages of the tourist’s journey.

The paper adopted a qualitative approach by combining photos taken during auto-
ethnographic direct observation and the content analysis of the description of geotagged
photos with videos from social media platforms, such as YouTube, Facebook, and Flickr.

2. Literature Review

This section presents the state-of-art of the previous studies regarding the classification
and mapping of coastal cultural ecosystem services. This study assesses the pull and push
factors of CES that benefit several categories of individuals: (1) big-wave surfers; (2) risk
recreationists (non-big-wave surfers); (3) big-wave spectators/storm chasers; (4) local
residents; (5) the firms of big-wave surf clusters that provide support services and products
of this sport (e.g., hospitality and accommodation, safety, rescue crews, protection clothing,
and equipment); (6) cultural heritage tourists. Because the giant-wave season is in the
winter, this paper did not consider sun and beach tourists.

2.1. Mapping Cultural Ecosystem Services (CES)

Several attempts were made to map marine and coastal ecosystem services (ES) [19–21].
The literature provides solid theoretical and scientific support for the use of Flickr geotagged
photos in order to assess and valuate recreational and aesthetic CES [22–29].

Moreover, an increasing number of studies are examining the distribution and con-
gruence of ecosystem services, often with the goal of identifying areas that will provide
multiple ecosystem service hotspots. There is paucity of data on most ecosystem services
and, therefore, proxies are frequently used to map their distribution [30–36].

The classification taxonomy of marine and coastal CES, developed by the Common
International Classification of Ecosystem services (CICES) v5.1 [37], comprises the follow-
ing eleven categories: (1) recreation and leisure; (2) aesthetic; (3) cultural heritage and
identity; (4) spiritual, sacred and/or religious; (5) educational; (6) inspiration for culture,

45



Land 2023, 12, 360

art and design; (7) sense of place; (8) social relations; (9) scientific; (10) existence; and
(11) intellectual and representative interactions (group). Garcia Rodrigues et al. made an
exhaustive list of all the terms and labels that were found in the literature concerning the
coastal CES for each category [38].

2.2. Motivations and Segmentation of the Demand for Coastal and Marine Destinations

This paper examines other specific motivators and segmentation criteria that ex-
plain the demand of the coastal CES. Carvache-Franco et al. (2019, 2020) identified six
motivational factors for choosing coastal destinations: authentic coastal experience, her-
itage and nature, learning, novelty and social interaction, physical activities, and sun and
beach [39,40]. These authors showed the existence of two segments of visitors: (1) “Beach
lovers” formed by tourists who have high motivations in such aspects related to the sun
and the beach; (2) “multiple coastal motives”, i.e., grouped tourists who have high values
in all the motivational dimensions. Moreover, Nagy et al. made a segment analysis of water
sport tourism and the cluster analysis yielded four clusters based on sports and tourism mo-
tivations, namely: sports-oriented, leisure-ignoring, leisure-oriented, and social-oriented
groups [41].

2.3. Recreation and Leisure
2.3.1. Risk Recreation (Big-Wave Surfers and Active Risk Recreationists)

According to Fluker (p. 7), surf tourism can be defined as [42]: “the act of people
traveling to either domestic locations for a period of time not exceeding six months, or
international locations for a period of time not exceeding twelve months, who stay at least
one night, and where the active participation in the sport of surfing, where the surfer relies
on the power of the wave for forward momentum, is the primary motivation for destination
selection” [43].

Nazaré is a destination for giant-wave surfers, who may be classified into the category
of active (extreme) risk recreation tourists. Boudreau et al. defined adventure recreation as
“self-initiated nature-based physical activities that generate heightened bodily sensations
(e.g., vestibular sensations arising from quick acceleration in varying dimensions of space)
and require skill development to manage unique perceived and objective risks (p. 2)” [44].

At the ‘extreme’ end of the nature sport spectrum (e.g., activities such as B.A.S.E.
(buildings, antennae, space, earth) jumping, big=wave surfing, waterfall kayaking, rope-
free climbing), the most likely outcome of a mismanaged error or accident is death. Thus,
many psychologists view this behavior as irrational and deviant, resulting from ignorance
or the inability to self-regulate [45]. This extreme sport is not only performed by men; in
Nazaré, it is common to see female surfers, such as Maya Gabeira (Brasil), Joana Andrade
(Portugal), and Justine Dupont (France) [46].

According to systematic literature reviews by Boudreau et al. [44] and
Gstaettner et al. [47], there are several explanations for participation in adventure recre-
ation (e.g., opportunities for mastery, overcoming fear, socializing, identity construction,
connecting with nature) [48–50]. Giddy and Webb compiled nine push factors that are deter-
minants of the conditions and significance of the environment, which in turn are positively
correlated with the satisfaction in adventure tourism: thrill, risk, physical challenge/skills
development, enjoying nature/nature appreciation, overcoming nature, environmental
education, novelty, escapism, and socialization [51].

Risk recreation activities also foster hedonic, eudaemonic, and therapeutic aspects of
subjective well-being (SWB) by supporting the satisfaction of basic psychological needs
for autonomy, competence, relatedness, and beneficence [44,52,53], or the search for free-
dom [54].

Giddy and Webb claimed that a recent probing of risk/thrill-seeking notions sur-
rounding motivations and experiences has led to the identification of a wider range of
psychological states, such as ‘rush,’ ‘edgework,’ or ‘flow’ [49,51,55,56]. Boudreau et al.
proposed that experiencing a flow state (i.e., an effortless and enjoyable state of feeling
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deeply in control and fully immersed in an activity) may provide a strong motivation for
continued participation in adventure recreation [44,57–59]. This theory is similar to the
adventure experience paradigm (AEP) of Martin and Priest [60], which predicts peak ad-
venture as a consequence of a balance in perceived risk and competence [61]. Flow—since
its conception—has been studied in adventure recreation contexts and it is a particularly
important motive for big-wave surfers [62–65].

Moreover, Clough et al. and Buckley claimed that some self-achievement experiences
involve potential physical risks; they may awake the euphoria related to heroic overcoming
of challenges and the encounter with natural primitiveness [66,67].

The “absorption” factor established by Magyaródi et al. includes the other dimensions
of the original concept (items about engagement, the quality of the experience, change of
time perception, or forgetting about the environment) [68].

2.3.2. Sensation Seeking, Gaze, and Spectacular Death Voyeurism (Passive
Big-Wave Spectators)

This paper extends the understanding of risk recreation motivation to those who enjoy
watching others performing risk recreation activities (see Table 2). For example, commercial
adventure tourists, although drawn to an activity for the sake of risk, fear, and excitement,
simultaneously felt safe and protected within commercial operating settings [69] and
admitted that ‘it’s more like watching an exciting but consequence-free film of [an adventure
activity] than being in one’ (p. 18) [70].

Table 2. Giant-wave surf tourism segments: characteristics, push and pull drivers, and cultural
ecosystem services.

(Active) Giant-Wave
Surfers

Surf Tourists
(Non-Big-Wave Surfers)

Risk Recreationists
(Passive) Giant-Wave

Chasers/Spectators

Major characteristics

(Professional) surfers and
their rescue teams who are
specialized in giant-wave

riding

Active participation in
surf sport activities in
non-big-wave swell

Tourists who participate in
risk activities, such as
riding giant waves in

boats or water bikes with
driver

Spectators who enjoy
watching surfers and/or

giant waves

Push factors (internal
motivators)

Extreme risk recreation
thrill, risk, flow, physical

challenge, skills
development, overcoming
nature and fear, euphoria,

seeking for adrenalin,
imminent death risk

Sense of belonging to the
surf lifestyle/community,
connection with nature,
socialization, identity

construction

Risk/adventure recreation
hedonic, eudaemonic and

therapeutic aspects of
subjective well-being

(SWB) ‘peak’,
‘transcendent’, or

‘cathartic’ experiences

Connection with nature,
sensation seeking, gaze,

spectacular death
voyeurism, thanatopsis,

storm chasing, and
awe-inspiring experiences

Pull factors (external
motivators)

Organized events and
advertising campaigns

Organized events and
advertising campaigns

Films and documentaries
Nazaré ambassadors (e.g.,

Garret MacNamara)

Tourism operators who
provide risk recreation

experiences

Giant-wave
forecasting/alerts

Advertising campaigns
Films and documentaries

Cultural Ecosystem
Services

Recreational
Sense of place

Social Relations
Scientific

Recreational
Social Relations
Sense of place
Educational

Recreational

Recreational, aesthetic,
spiritual, sacred and/or

religious
Social relations
Sense of place

Source: Author’s elaboration.

The act of watching in tourism is associated with the concept of “tourist gaze” intro-
duced by the sociologist Urry, who argued that the centrality of the visual in contemporary
culture is mirrored in tourism, and that our desires to visit places and the ways we learn to
visually appreciate those places are not merely individual and autonomous but are socially
organized [71]. Moreover, the act of watching is also in the definition of sport tourism of
Gibson (p. 10): “leisure-based travel that takes individuals temporarily outside of their
home communities to play, watch physical activities or venerate attractions associated with
these activities” [72].
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There are few studies that investigate sporting events from the perspective of spec-
tators [73]. Horbel et al. found that the context of value creation is positively associated
with the “service ecosystem of a sport event” [74]. Sporting events offer immersive “ser-
vicescapes” [75], experiencescapes, or sensoryscapes [76], which can enhance the value of
the experience [77,78].

For example, Wang et al. [79] studied the phenomenon of tidal bore-watching activities
in China, which is a phenomenon caused by the leading edge of the incoming tide forming
a wave of water that travels up a river or narrow bay against the prevailing current [80].
Regarding tide-watching, visitors tend to believe that it involves relatively low risk, because
most people watch tidal bores by standing along the riverbank. Such perceptions, however,
ignore the strong power and unpredictability of a tidal bore, which may open up the
possibility of tourists being hurt or whirled away by “tsunami-like” tides.

The motivation to watch surfers riding giant waves can be explained by the seeking for
adrenalin and thrill sensations triggered by the imminent death risk of this extreme sport
spectacle [81,82]. Zuckerman defined sensation seeking construct as: “a personality trait
defined by the seeking of varied, novel, complex and intense sensations and experiences,
and the willingness to take physical, social, legal and financial risks for the sake of such
experience” (p. 27) [83].

2.4. Spiritual, Sacred, and/or Religious: Storm-Chasing and Awe-Inspiring Experiences

The proneness to watch the dangerous performances of big-wave riders can be associ-
ated with lighter dark tourism theories and motivators, such as [84]:

(a) The concept of “thanatopsis,” defined by Stone [85] as “the reflection and contempla-
tion of death and dying” usually present in dark tourism also related with the notion
of “death drive” [86,87].

(b) The psychoanalytical notion of “voyeurism” of the spectacular death and death
desire [88–91].

(c) The notion of “mortality salience”, defined by Gordillo et al. as the “awareness of the
inevitability of one’s own death . . . ” (p. 286) [92–94].

(d) The terror management theory, which states that human beings are uniquely aware of
their own mortality leading, in turn, to fear or terror of death. Consequently, various
strategies are used within everyday life to manage such terror [85,86,95].

The giant-wave phenomenon is usually associated with winter storms and hurri-
canes in the Atlantic Ocean. Therefore, there is an overlap between risk recreation and
storm-chasing tourism. Part of the motives that attract people to Nazaré is the unique
combination of nature elements that is enhanced by the storms season in the winter. Several
studies aimed to understand the interest in severe weather that spur people to embark on
storm-chasing tourism [96,97]. Boulais focused on the ways severe weather was depicted in
participants’ discourse and on storm-chasing companies’ websites [98]. Data revealed six
non-mutually exclusive depictions of severe weather: passion, a spectacular sight, a danger-
ous encounter, a rewarding challenge, a treat, and a reminder of humanity’s powerlessness.

Giant waves can trigger stimuli for extraordinary, ‘pure’, ‘peak’, ‘transcendent’, or
‘cathartic’ episodes/experiences, because awe emotions can be generated when individuals
confront natural wonders, inspired by the sacred or mystic aura of the place [99–101].

Pearce et al. defined awe as an intense (and usually positive) emotion often experi-
enced by individuals visiting nature-based tourism destinations; it has the potential to
nurture strong connections between individuals and their environment [101]. Bonner and
Friedman [102] provided a conceptual clarification of the complexity and multifaceted
nature of the concept of awe proposed by Schneider [103]. They identified ten themes that
helped to explain the concept of awe: profoundness, connectedness, numinous, vastness,
existential awareness, openness and acceptance, ineffable wonder, presence, heightened
perception, and fear.
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2.5. Sense of Place and Social Relations: Socioeconomic Implications for the Local Community
(Local Residents and Firms/Investors of the Surf Cluster)

The giant-wave phenomenon also leverages CES related with the sense of place and
the identity building of Nazaré residents, who have social interactions/relations with
visitors, in particular giant-wave chasers and surf tourists. Surfing, as a lifestyle, has been
grounded in surf culture, which is recognized as a potential attraction factor for certain surf
destinations. The perceptions of the surf culture contribute to a better overall destination
image and a higher loyalty towards the destination [104].

In order to understand the transformation of Nazaré from the anthropological and
sociological perspectives, Ferreira made an ethnographic film 6 of the daily life activities
and imaginary activities after the big-wave “boom” [105]. This documentary captures the
emotions, the sense of place, and the identity traces of Nazaré local people and how their
pride and self-esteem have increased since the town started to attract international tourists.

On the other hand, Cunha-e-Sá et al. estimated the economic impact of a three-
year media campaign involving private and public institutions to promote big waves
and tourism, launched by Nazaré Qualifica and the municipality of Nazaré [8]. After
this marketing media campaign, the site became a more popular tourist destination by
providing the required “informational media infrastructure” campaign that allowed for the
worldwide recognition of the value of big waves.

Cunha-e-Sá et al. estimated that the number of domestic visitors (42,161) and interna-
tional visitors (35,500) whose average expenditures per visitor and trip were, respectively,
EUR 72 and 92. According to an optimistic scenario, the economic impact for the four-year
period (2010–2014) was about EUR 10 million. Overall, the total reported expenditures
related to big waves were EUR 283,847 during 2010–2013, of which, EUR 26,948 were public
expenditures; that is, investments of the local municipality [8].

Nevertheless, Wieser [2] and Bradsahw [7] also addressed some negative consequences
of the tourism boom in Nazaré, especially in terms of the social impacts in residents’ quality
of life and the potential negative environmental implications. Bradshaw rose the question:
“When the weather systems give the green light for big waves, surf enthusiasts flood the
town head to the cliff tops in the hope of witnessing goliath waves, but at what cost are these
new visitors on Nazaré’s social carrying capacity?” [7]. Crowding and exceeding carrying
capacity are factors that threaten the sustainability of surf tourism destinations [106].

2.6. Other Types of Cultural Ecosystem Services: Aesthetic, Cultural Heritage, Inspiration for
Culture, Art and Design, Scientific, and Educational (Cultural Heritage Tourists)

Furthermore, there are other CES that benefit the cultural heritage tourists and the
local community. According to Iliev [107], there is a strong motivation on the side of the
tourists to engage in the pleasure of aesthetics that allow simulation and encourage emotion.
Nazaré also inspires projects related to culture and art, such as the Nazaré Criativa project,
which promotes local cultural heritage, particularly, living traditions and unique places,
going far beyond what is offered in terms of experiences and activities in Nazaré [108]. All
activities revolve around stories, traditions, presentations, places, and people of Nazaré.

Regarding the scientific and educational CES, Carapuço et al. claimed that selecting
the adequate communication trigger effectively boosts scientific knowledge transfer and
raises the predisposition conditions for the audience to be receptive of non-trivial ocean-
related scientific topics [109]. “The Nazaré Wave: a trigger for learning” was revealed to
be a highly successful initiative and similar strategies may be adopted in other projects
aimed at increasing coastal and ocean literacy. The cluster of the surf, which comprises
several products (surf boards, wetsuits, and big-wave gear items) and services (schools of
surf, water bikes rescue teams, etc.), has been increasing as a direct consequence of this
scientific development.
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3. Methodology

This paper assesses and maps the deep motivations/pull drivers of giant-wave specta-
tors. Therefore, this study adopts an interpretivist/ constructivist paradigm by combining
different qualitative methods, such as an auto-ethnographic direct observation and the
content analysis of videos and geotagged photos retrieved from social media platforms,
such as YouTube, Facebook, and Flickr. Flickr is a major image-sharing website, with more
than 60 million monthly active users (in 2022) who upload 1 million photos worldwide
daily, according to Yahoo reports. Using Flickr’s API method, called flickr.photos.search,
the author was able to extract 6914 public photos taken in a 5 km radio around Nazaré’s
lighthouse building, located at a latitude of 39.60698 and longitude of −9.08402. These
photos were taken by 165 photographers who traveled from 30 different countries. The
majority came from Portugal (19.3%), followed by Spain (15.1%), the USA (11.4%), France
(9%), and Italy (9%).

The method extracted the following relevant information: photo ID, owner ID, taken
date of photo, title, tags, latitude, longitude, accuracy, number of views, text description,
and URL. Here is the link of the API method used. In order to access the metadata of
the photos, the reader must ask Flickr a researcher API Key code and replace the string
“[researcher API key]” in the formula:

https://www.flickr.com/services/rest/?method=flickr.photos.search&api_key=[resear
cherAPIkey]&user_id=&content_type=1&lat=39.60698&lon=-9.08402&radius=5&radius_
units=km&extras=description%2C+date_taken%2C+owner_name%2C+tags%2C+views

%2C+url_o&format=rest (accessed on 31 October 2022)

The use of visual anthropology, (including visual auto-ethnography and photo elic-
itation) as research methods is well supported in the literature [110–115]. Visual re-
search methods usually collect: (1) ‘found’ images (pre-existing photographs and film);
(2) researcher created images; and (3) respondent-created or user-generated images.

4. Discussion of Results

Section 4.1 presents the author’s auto-ethnographic journey that allowed the assess-
ment of the push and pull factors of giant-wave spectators/storm chasers linked to recre-
ational, aesthetic, and spiritual CES. The content analysis of the Flickr photos presented in
Section 4.2 complements the assessment of the CES that benefit the residents, the firms of
the surf clusters, and the cultural heritage tourists.

4.1. Auto-Ethnographic Study: Mapping Journey of “Giant Waves” Chaser Tourists

On 25 February of 2022, the author traveled to Nazaré to watch the “giant waves”
phenomenon. The journey started several weeks before, with the daily monitoring of
several websites 7 that forecast the significant wave heights. There are also webcams 8 that
allow tourists to confirm the quality of the swell before traveling to Praia do Norte.

Mach et al. described this journey using the term ‘surgical strike’ that has been
co-opted into the surfing vernacular to differentiate a particular surf trip, which can be
domestic or international, where a surfer targets a specific surf-break based on detailed
forecasting data and a deep understanding of the variable factors that lead to the best possi-
ble conditions at that surf-break [116]. Real Watersports describes them this way: “‘Surgical
strikes’ are when you travel specifically for perfect weather conditions (swell/wind or
both) rather than on a calendar like most humans do... Recreational enthusiasts should
partake in at least one surgical strike in their lifetime—and probably many more . . . If you
only have two weeks off a year and you miss the epic score during your break, then you
have to wait another year to roll those 2/52 odds again. Strike out too many years in a row
and it starts to really eat at you” [117].

Then, on 21 February, four days before, the forecast for the wave height according to
several sources was about 10 m (which can increase three-fold due to the canyon effect),
reaching the maximum rating of 10 points (See Figure 2). Because most hotels in Nazaré
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only allow free cancelation of the booking until three/four days before the date of arrival,
tourists have to make the decision to travel based on the odds that the forecast is correct.

 
Figure 2. Print screen of the wave height forecast published on the website pt-surf-forecast.com.

Early in the morning on 25 February, hundreds of “giant-waves” pilgrims walked
to the surroundings of the Praia do Norte beach in order to obtain the best spot to watch
the waves. Figure 3 presents four photos taken by the author during the ethnographic
trip, showing the crowd that patiently waited for the “biggest” one, hoping that a surfer
in the water rode it, and earned applause, similar to an acrobat in the circus. A successful
(sometimes epic) riding excites the crowd and triggers peak emotions, as portrayed in some
videos shared on social media 9.

For example, the Facebook page of Praia do Norte 10 published several photos of that
day, which complemented the analysis of the journey. Those photos and videos shared
by the spectators to YouTube that day (see Table 3) are examples of the electronic word-
of-mouth during the advocacy/post-experience stage. During the journey, it was possible
to confirm the influence of some push factors (waves forecasting; social media alerts) that
ignited the pull factors that emerged in the literature review, such as willingness to connect
with nature, sensation seeking, awe, or spectacular death voyeurism (see Table 2).
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Figure 3. Authors’ photos taken on the ethnographic trip showing the spectators of giant waves.

Table 3. Examples of the videos posted on YouTube less than 24 h after (accessed on 26 February 2022).

24 h after Views 24 h after Comments

https://www.youtube.com/watch?v=HFvtuZe_yG0 2470 0
https://www.youtube.com/watch?v=fHxG5cGrwtc 1281 0
https://www.youtube.com/watch?v=i8VfVs9D2lY 20863 24
https://www.youtube.com/watch?v=PRls6pTIpKI 2388 4
https://www.youtube.com/watch?v=TLFZ0QSMM6M 1244 6
https://www.youtube.com/watch?v=0nGbRrVw8sA 19

4.2. Content Analysis of Photos Extracted from the Flickr Platform (User-Generated Content)

Then the author selected 44 photos from a sample of 6914 photos retrieved with
Flickr’s API method, called flickr.photos.search. The selection of the photos was based on
the content analysis of the photo, on the significant content of the title, tags, and text
descriptions (see Table 4). The major criterion included every new portrayed cultural
ecosystem service, thus aiming for maximum diversification of the CES inventory. The
classification of CES was based on the classification taxonomy of marine and coastal CES
provided by the Common International Classification of Ecosystem services (CICES) v5.1,
as detailed in Section 2.1 in the literature review [37].

52



Land 2023, 12, 360
T

a
b

le
4

.
C

ul
tu

ra
lE

co
sy

st
em

Se
rv

ic
es

(C
ES

1
an

d
C

ES
2)

de
pi

ct
ed

in
th

e
se

le
ct

io
n

of
ph

ot
os

re
tr

ie
ve

d
by

th
e

Fl
ic

kr
A

PI
m

et
ho

d
fli

ck
r.p

ho
to

s.
se

ar
ch

(a
ll

ac
ce

ss
ed

on
31

st
O

ct
ob

er
20

22
).

L
e
g

e
n

d
P

h
o

to
ID

D
a
te

T
a
k

e
n

V
ie

w
s

u
rl

_
o

D
e
sc

ri
p

ti
o

n
C

E
S

1
C

E
S

2

A
1

30
64

45
42

68
0

20
16

-0
9-

15
19

:2
9:

20
67

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/5
49

0/
30

64
45

42
6

80
_e

7c
04

20
bb

6_
o.

jp
g

Be
ac

h
at

su
ns

et
A

es
th

et
ic

al
Ph

ot
og

ra
ph

y

A
2

30
55

91
57

03
6

20
16

-1
0-

12
13

:0
8:

03
15

71
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/5

76
7/

30
55

91
57

0
36

_0
58

91
a1

a4
5_

o.
jp

g
W

in
do

w
s

ar
ch

it
ec

tu
re

A
es

th
et

ic
al

Im
m

at
er

ia
lh

er
it

ag
e

A
3

49
30

93
06

97
7

20
18

-0
6-

09
21

:2
3:

43
55

6
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/4
93

09
30

6
97

7_
e8

22
05

93
fe

_o
.jp

g
Fi

sh
er

m
an

at
th

e
be

ac
h

A
es

th
et

ic
al

So
ci

al
re

la
ti

on
s

H
1

23
44

27
99

31
4

20
15

-0
9-

29
12

:0
3:

32
52

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/5
74

9/
23

44
27

99
3

14
_3

3c
d5

fb
43

6_
o.

jp
g

M
us

eu
m

H
er

it
ag

e

H
2

35
49

99
08

87
5

20
16

-0
5-

08
18

:0
3:

47
14

44
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/4

25
4/

35
49

99
08

8
75

_1
1e

5d
e0

1a
1_

o.
jp

g
Tr

ad
it

io
na

lfi
sh

in
g

bo
at

s
H

er
it

ag
e

Se
ns

e
of

Pl
ac

e

H
3

27
32

40
03

12
1

20
16

-0
5-

10
20

:2
7:

11
26

34
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/7

41
8/

27
32

40
03

1
21

_4
86

7c
51

b2
b_

o.
jp

g
O

ld
tr

ad
it

io
na

lb
oa

ts
H

er
it

ag
e

Ph
ot

og
ra

ph
y

H
4

31
09

64
29

26
0

20
16

-0
6-

17
14

:2
8:

32
14

59
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/5

55
6/

31
09

64
29

2
60

_a
ee

21
33

72
4_

o.
jp

g
Li

gh
th

ou
se

H
er

it
ag

e

H
5

30
46

45
27

93
5

20
16

-1
0-

10
16

:2
9:

50
80

0
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/5

33
3/

30
46

45
27

9
35

_7
d0

79
74

1e
c_

o.
jp

g
N

az
ar

é,
Po

rt
ug

al
H

er
it

ag
e

R
el

ig
io

us

H
6

35
86

77
88

77
5

20
17

-0
6-

15
13

:5
2:

01
60

9
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/3
58

67
78

8
77

5_
2c

24
64

45
92

_o
.jp

g
O

ld
C

ha
pe

l
H

er
it

ag
e

R
el

ig
io

us

H
7

40
44

33
97

17
4

20
18

-0
3-

28
09

:1
1:

32
27

,5
68

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/7
89

/4
04

43
39

71
7

4_
b2

17
c3

23
47

_o
.jp

g
O

ld
tr

ad
it

io
na

lb
oa

ts
H

er
it

ag
e

Ph
ot

og
ra

ph
y

H
8

45
27

52
72

17
4

20
18

-1
1-

16
15

:0
8:

21
69

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/4
82

5/
45

27
52

72
1

74
_f

66
ff

db
17

9_
o.

jp
g

N
az

ar
é

H
er

it
ag

e

H
9

51
85

38
49

02
1

20
21

-0
7-

08
14

:4
1:

21
12

0
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
18

53
84

9
02

1_
d1

cd
e4

68
04

_o
.jp

g
Th

e
X

IX
ce

nt
ur

y
el

ev
at

or
H

er
it

ag
e

In
du

st
ri

al
to

ur
is

m

H
10

51
38

57
15

12
5

20
21

-0
7-

08
19

:1
2:

48
23

2
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
13

85
71

5
12

5_
1f

7d
d7

d9
fa

_o
.jp

g
Fo

rt
of

Sa
o

M
ig

ue
lA

rc
an

jo
an

d
Li

gh
th

ou
se

H
er

it
ag

e
Se

ns
e

of
Pl

ac
e

H
11

51
70

86
46

20
8

20
21

-1
1-

23
17

:5
7:

57
18

8
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
17

08
64

6
20

8_
70

17
9d

39
64

_o
.jp

g
Pr

ai
a

do
N

or
te

an
d

Fo
rt

e
de

Sa
o

M
ig

ue
lA

rc
an

jo
H

er
it

ag
e

Ph
ot

og
ra

ph
y

H
12

51
71

10
91

67
4

20
21

-1
1-

26
14

:0
2:

00
40

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

17
11

09
1

67
4_

3b
d7

ab
dc

3e
_o

.jp
g

Tr
ad

it
io

na
lG

as
tr

on
om

y
(O

ct
op

us
,S

qu
id

an
d

C
od

)
H

er
it

ag
e

H
13

52
06

54
38

75
5

20
22

-0
5-

10
17

:4
2:

17
37

1
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
20

65
43

8
75

5_
c2

55
ec

11
c2

_o
.jp

g
Tr

ad
it

io
na

lw
om

en
co

st
um

e
H

er
it

ag
e

So
ci

al
re

la
ti

on
s

H
14

52
06

54
38

75
5

20
22

-0
5-

10
17

:4
2:

17
37

1
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
20

65
43

8
75

5_
c2

55
ec

11
c2

_o
.jp

g
Lo

ca
lw

om
an

w
it

h
tr

ad
it

io
na

lc
os

tu
m

e
H

er
it

ag
e

So
ci

al
re

la
ti

on
s

53



Land 2023, 12, 360
T

a
b

le
4

.
C

on
t.

L
e
g

e
n

d
P

h
o

to
ID

D
a
te

T
a
k

e
n

V
ie

w
s

u
rl

_
o

D
e
sc

ri
p

ti
o

n
C

E
S

1
C

E
S

2

I1
51

51
77

46
38

6
20

16
-0

5-
10

21
:4

4:
40

19
07

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

15
17

74
6

38
6_

89
36

30
df

a4
_o

.jp
g

Tr
ad

iti
on

al
fo

lk
lo

re
da

nc
er

s
In

sp
ir

at
io

n
fo

r
ar

t
Im

m
at

er
ia

lh
er

it
ag

e

I2
51

54
52

91
53

5
20

16
-0

5-
10

21
:4

5:
45

34
06

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

15
45

29
1

53
5_

16
5a

b2
72

49
_o

.jp
g

Fo
lk

lo
re

,t
ra

di
tio

na
ld

an
ce

r
In

sp
ir

at
io

n
fo

r
ar

t
Im

m
at

er
ia

lh
er

it
ag

e

I3
33

17
28

10
63

1
20

16
-0

5-
10

22
:0

9:
45

25
80

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
86

/3
31

72
81

06
3

1_
07

0d
5b

f8
bc

_o
.jp

g
Fo

lk
lo

re
,t

ra
di

tio
na

ld
an

ce
s

In
sp

ir
at

io
n

fo
r

ar
t

Im
m

at
er

ia
lh

er
it

ag
e

I4
51

35
45

06
90

6
20

21
-0

7-
08

19
:0

1:
27

27
0

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

13
54

50
6

90
6_

57
fc

33
93

2a
_o

.jp
g

Th
e

D
ea

r
St

at
ue

(R
el

ig
io

us
Ta

le
s

an
d

Le
ge

nd
s)

In
sp

ir
at

io
n

fo
r

ar
t

Im
m

at
er

ia
lh

er
it

ag
e

IR
31

82
17

85
88

3
20

15
-0

9-
26

15
:5

7:
17

31
6

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/5
62

/3
18

21
78

58
8

3_
ac

60
b1

42
d9

_o
.jp

g
D

ry
fis

h
In

te
lle

ct
ua

l
In

te
ra

ct
io

ns
Im

m
at

er
ia

lh
er

it
ag

e

K
1

52
30

33
08

47
5

20
19

-1
1-

05
18

:0
7:

13
75

88
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
23

03
30

8
47

5_
6a

ee
bf

cd
f1

_o
.jp

g
R

es
cu

e
w

at
er

bi
ke

s
Lo

ca
lk

no
w

le
dg

e
In

te
lle

ct
ua

l
In

te
ra

ct
io

ns

K
2

51
97

05
78

96
6

20
22

-0
3-

30
01

:1
0:

37
95

37
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
19

70
57

8
96

6_
14

40
ef

6c
84

_o
.jp

g
R

es
cu

e
w

at
er

bi
ke

s
Lo

ca
lk

no
w

le
dg

e
In

te
lle

ct
ua

l
In

te
ra

ct
io

ns

R
1

33
10

43
97

15
2

20
17

-0
2-

21
10

:1
6:

50
20

93
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/5

93
/3

31
04

39
71

5
2_

cc
b4

fe
5c

4c
_o

.jp
g

Su
rf

R
ec

re
at

io
na

l

R
2

32
39

63
44

15
4

20
17

-0
2-

23
11

:4
7:

54
12

31
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/3

69
9/

32
39

63
44

1
54

_a
8a

ab
87

91
2_

o.
jp

g
Su

rf
M

us
eu

m
R

ec
re

at
io

na
l

In
te

lle
ct

ua
l

In
te

ra
ct

io
ns

R
3

34
93

20
97

76
4

20
17

-0
6-

12
13

:2
5:

52
12

63
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/4

02
3/

34
93

20
97

7
64

_1
8f

de
34

22
6_

o.
jp

g
N

az
ar

é
Be

ac
h

R
ec

re
at

io
na

l

R
4

49
59

82
54

70
6

20
18

-0
2-

10
11

:3
0:

29
82

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/4

95
98

25
4

70
6_

85
77

f2
6e

55
_o

.jp
g

G
ia

nt
-w

av
e

w
at

ch
in

g
R

ec
re

at
io

na
l

Se
ns

e
of

Pl
ac

e

R
5

51
85

28
51

95
2

20
21

-0
7-

08
15

:4
2:

18
15

4
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
18

52
85

1
95

2_
68

6a
ac

14
72

_o
.jp

g
Be

ac
h

R
ec

re
at

io
na

l

R
6

51
91

63
54

35
6

20
21

-1
0-

22
17

:0
8:

46
14

6
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
19

16
35

4
35

6_
45

5a
cc

ac
fb

_o
.jp

g
Su

rf
M

us
eu

m
R

ec
re

at
io

na
l

In
te

lle
ct

ua
l

In
te

ra
ct

io
ns

R
7

52
23

40
45

24
9

20
22

-0
7-

22
17

:4
9:

43
15

95
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
22

34
04

5
24

9_
f5

0a
bf

d0
b8

_o
.jp

g
N

au
ti

ca
l/

W
at

er
Sp

or
ts

R
ec

re
at

io
na

l

Sc
1

51
72

22
96

03
7

20
21

-0
7-

28
16

:5
9:

49
16

7
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/5
17

22
29

6
03

7_
b2

28
1a

64
df

_o
.jp

g
Lo

ca
lfl

or
a

at
th

e
du

ne
s

Sc
ie

nt
ifi

c
Ed

uc
at

io
na

l

Sc
2

52
22

89
35

75
3

20
22

-0
7-

18
11

:2
8:

31
9

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

22
28

93
5

75
3_

6f
32

8a
25

d3
_o

.jp
g

Lo
ca

lfl
or

a
Sc

ie
nt

ifi
c

Ed
uc

at
io

na
l

P1
18

82
51

14
02

8
20

15
-0

5-
19

21
:3

8:
12

37
3

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/2
88

/1
88

25
11

40
2

8_
c7

51
c0

94
7e

_o
.jp

g
N

az
ar

é´
s

ho
us

es
Se

ns
e

of
Pl

ac
e

Sr
1

24
25

99
59

26
0

20
12

-1
1-

01
17

:0
0:

39
11

4
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/1

46
9/

24
25

99
59

2
60

_e
6a

c2
3b

cd
c_

o.
jp

g
Lo

ca
ls

al
es

w
om

an
So

ci
al

re
la

ti
on

s
Se

ns
e

of
Pl

ac
e

Sr
2

23
88

51
64

32
9

20
15

-0
9-

29
13

:5
3:

30
23

7
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/1

69
9/

23
88

51
64

3
29

_9
67

38
aa

b3
a_

o.
jp

g
Sq

ua
re

in
Si

ti
o

So
ci

al
re

la
ti

on
s

Se
ns

e
of

Pl
ac

e

Sr
3

22
50

32
53

12
9

20
15

-1
1-

07
15

:3
1:

16
11

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
33

/2
25

03
25

31
2

9_
57

13
16

c7
a1

_o
.jp

g
Lo

ca
ld

ri
nk

(“
G

in
ja

”)
So

ci
al

re
la

ti
on

s
H

er
it

ag
e

54



Land 2023, 12, 360
T

a
b

le
4

.
C

on
t.

L
e
g

e
n

d
P

h
o

to
ID

D
a
te

T
a
k

e
n

V
ie

w
s

u
rl

_
o

D
e
sc

ri
p

ti
o

n
C

E
S

1
C

E
S

2

Sr
4

31
74

94
44

81
7

20
16

-0
5-

08
18

:0
5:

00
23

53
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/4

86
4/

31
74

94
44

8
17

_7
f4

40
56

8d
2_

o.
jp

g
Lo

ca
lw

om
en

So
ci

al
re

la
ti

on
s

Sr
5

28
17

47
32

96
2

20
16

-0
5-

08
18

:0
5:

20
92

20
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/7

00
6/

28
17

47
32

9
62

_f
98

41
52

2a
c_

o.
jp

g
D

ry
in

g
fis

h
on

th
e

be
ac

h
So

ci
al

re
la

ti
on

s
In

te
lle

ct
ua

l
In

te
ra

ct
io

ns

Sr
6

30
53

97
07

93
6

20
16

-1
0-

12
12

:1
4:

27
81

1
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/5

54
3/

30
53

97
07

9
36

_f
a6

c7
90

d4
4_

o.
jp

g
Fi

sh
M

ar
ke

t
So

ci
al

re
la

ti
on

s

Sr
7

49
20

31
25

52
1

20
19

-1
2-

05
18

:0
2:

48
11

50
ht

tp
s:

//
liv

e.
st

at
ic

fl
ic

kr
.c

om
/6

55
35

/4
92

03
12

5
52

1_
fb

62
d6

ea
16

_o
.jp

g
Fi

sh
in

g
Bo

at
So

ci
al

re
la

ti
on

s
Se

ns
e

of
Pl

ac
e

Sr
8

52
22

94
10

70
5

20
22

-0
7-

18
11

:5
0:

40
9

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

22
29

41
0

70
5_

da
16

40
f4

16
_o

.jp
g

Fi
sh

in
g

Bo
at

So
ci

al
re

la
ti

on
s

Sr
9

52
45

04
03

70
6

20
22

-0
7-

23
18

:1
1:

21
4

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

24
50

40
3

70
6_

9c
1b

14
1d

35
_o

.jp
g

Se
lli

ng
dr

y
fis

h
So

ci
al

re
la

ti
on

s

Sp
52

06
77

34
43

0
20

22
-0

2-
14

05
:2

8:
32

21
5

ht
tp

s:
//

liv
e.

st
at

ic
fl

ic
kr

.c
om

/6
55

35
/5

20
67

73
4

43
0_

8f
0d

a3
68

9c
_o

.jp
g

R
el

ig
io

us
Ta

le
s

an
d

Le
ge

nd
s

Sp
ir

it
ua

l
Im

m
at

er
ia

lh
er

it
ag

e

55



Land 2023, 12, 360

Using the classification proposed by Garcia Rodrigues et al. [38], the two most explicit
cultural ecosystem services depicted in the photos (CES 1 and CES 2) were reported.

The majority of photos show recreational and leisure activities related with water and
nautical sports, in particular, scenes of surfers riding giants waves in Praia do Norte, under
the surveillance of the rescue teams. The second category of photos portray the Nazaré
beach located on the south side of the cliffs during the summer holidays.

Furthermore, this content analysis identified the other types of CES: (1) aesthetical
(e.g., landscape photography); (2) man-made immovable heritage (e.g., the museum, the
Fort of Sao Miguel Arcanjo/lighthouse, the elevator of the XIX century or the religious
buildings); (3) movable heritage (e.g., traditional fishing boats); (4) immaterial heritage
(e.g., the local fish gastronomy or the women traditional costumes); (5) the inspiration
for art and design (e.g., folklore and traditional dances); (6) local knowledge as a form
of intellectual and representative interaction (e.g., drying fish techniques—see Figure 4,
rescue water bikes driving tactics to ride the giant waves); (7) social relations depicted in
the fishing activities, in the fish market, and other street shops.

  
 

  

Figure 4. Author’s photos taken on the ethnographic trip showing some examples of cultural
ecosystem services of heritage and inspiration for art.

Nazaré is a land of legends and tales, which are rich sources of CES related to the
immaterial heritage and the inspiration for culture, art, and design. The origin of the
name “Nazaré” itself is explained by a statue of the Virgin brought from Nazareth (in
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present-day Israel) in the 4th century, which was previously lost but was found centuries
later. Another famous story says that the Virgin appeared to a local nobleman in 1182
who was hunting deer. He was about to fall off the edge of a cliff on his horse and was
miraculously stopped just in time. This legend was the inspiration for the “Dear” Statue 11

(made by Agostinho Pires and Adália Alberto), which combined the legendary origins of
Nazaré with giant-wave surfer characteristics. It stands tall on the road to the lighthouse
and it has been captured in many tourists’ photos (see Figure 4).

In terms of scientific/educational cultural ecosystem services, besides the study of
the biology of the flora and fauna of the region (under and out of the sea), giant-wave
tourism has leveraged the scientific study related to the forecasts and measurements of
the wave heights. The Hydrographic Institute of the Portuguese Navy 12 developed
several projects that increased scientific knowledge about the Nazaré’s Canyon and the
giant-wave formation.

4.3. Analysis of Spatial Distribution of CES Based on Geotagged Photos

In order to analyze the spatial distribution of the photos, Figure 5 presents a Google
Earth map that was built with a kml file on the latitude and longitude coordinates uploaded
by photographers. The first column of Table 4 corresponds with the legend code in Figure 5,
thus allowing the identification of the dominant CES portrayed in the photo. Figure 6 are
amplifications of the partial zones signaled in Figure 5: zone A, around the lighthouse
fortress; zone B, in the town center.

 

Figure 5. Google Earth map of the spatial distribution of the photos.
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(a) 

 
(b) 

Figure 6. (a) Amplification of Google Earth map Zone A (around the Fortress); (b) amplification of
Google Earth map Zone B (Nazaré town center).

The spatial distribution is influenced by the geographic and orographic characteristics
of the territory, as the photos that depict recreational (R), and local knowledge (K) ecosys-
tem services were taken in the best spot to watch the giant-wave—the cliffs around the
lighthouse fortress, where the undersee canyon is located (see Figure 6). In the urban areas,
such as Nazaré’s town center, the photos portray mostly CES related with heritage (H),
aesthetical (A), and social relations (Sr). Therefore, the spatial distributions of CES are also
influenced by the concentration of inhabitants as suggested by previous studies [36].

Another example of scientific CES, i.e., a direct consequence of the giant-wave boom,
involves the innovation and development of a lot of products related with the safety of the
surfers in Nazaré. Andrew Cotton describes a list of 14 items of his surf gear that includes,
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for example, an impact/float vest for paddling and tow surfing big waves. It has loads of
foam on the chest but none on the stomach, which makes it really nice to paddle in; it also
has foam side panels and back panels and two side zips with overhead entry, which makes
it harder for it to be ripped off in violent wipeouts.

5. Conclusions: Theoretical and Managerial Implications

5.1. Theoretical Framework of a Giant-Wave Chaser’s Experience Journey

Based on previous sections of the literature review, this paper proposes a theoretical
framework (see Figure 7) describing the push and pull factors that influence the tourist’s
experience journey of the giant-wave spectator/chaser. Considering the chronological order
from the left to the right, this study found that during the awareness stage the giant-wave
tourist is exposed to several push factors, such as the Nazaré Municipality advertising
campaigns, McNamara stories, or film documentaries. During the consideration and
planning stages, the alerts of wave forecasts ignite the pull motivators, impelling the
organization of the trip.

Figure 7. Theoretical framework of a tourist’s experience journey of the giant-wave spectator/chaser.

During the experience stage, the giant-wave tourist captures the benefits of all the CES
provided by the landscape and this nature attraction, which in turn are moderated by the
individual pull factors, such as the propensity to socialize or the sense of belonging to this
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“tribe” of giant-wave chasers. At the end of the journey, the tourist shares his/her “peak”
moments and emotions on social media, thus promoting the electronic word-of-mouth
among family, friends, and peers.

5.2. Managerial Implications

The phenomenon of giant waves in Nazaré leveraged the increase of tourism and the
local economy and inspired the strategic shift in the positioning of Portugal’s destination
branding. More recently, the website Visitportugal has launched an advertising campaign,
i.e., “Portuguese waves”, promoting the country as a (winter) surf destination 13 and aiming
to reduce the tourism seasonality [118,119].

This paper provides useful information for regional public decision-makers, des-
tination marketing organizations, tourism operators, and business entrepreneurs. The
geotagged social media photos allowed the researcher to assess the most relevant mar-
itime/coastal cultural ecosystem services in Nazaré, Portugal. Tourism operators and busi-
ness entrepreneurs can use this mapping tool to support their business location decisions.

For example, risk recreationists (non-big-wave surfers) is a new market niche that is
starting to be explored by new businesses (e.g., boat cruises that allow tourists to have
closer views of big waves 14).

From a theoretical perspective, this study did not confirm some of the pull factors
suggested by previous studies. The comments from the user-generated photos and videos
did not provide explicit evidence that giant-wave chasers are conscious of the motivations
related to risk recreation and imminent/spectacular death voyeurism. Further research
should adopt other methodologies, such as depth interviews in order to capture those
unconscious drivers and deeper motivations.

Public decision-makers, destination marketing organizations, tourism operators, and
business entrepreneurs must acknowledge the relevance of journey mapping in order
to identify the moments of stress and the touchpoints associated with peak/positive
experiences generated by these CES. These hotpots also provide the information about
tourists’ most frequent journeys, which can feed the design of innovative coastal tourism
experiences. Multi-thematic coastal tourism routes or trails may contribute to attract new
visitors, to enrich their journeys, to increase the staying time and satisfaction and, ultimately,
promote electronic word-of-mouth. Further research may estimate the demand and assess
the economic impact of surf tourism for the region.

There a lot of events (such as the Tudor Nazaré Tow Surfing Challenge) that at-
tract more tourists every year. Nevertheless, according to Wieser [2], Bradshaw [7],
or Muller [120], crowding and exceeding the carrying capacity may threaten the social
and environmental sustainability of surf tourism in Nazaré and in other surf spots in
Western Europe.

Funding: This research was funded by the Multiannual Funding of the Landscape, Heritage, and
Territory Laboratory (Lab2PT), reference UID/04509/2020, financed by national funds (PIDDAC)
through the FCT/MCTES (Fundação para Ciência e Tecnologia, Portugal).
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Notes

1 https://www.theguardian.com/sport/2011/nov/13/garrett-mcnamara-surfing-record-wave, accessed on 31 October 2022.
2 Official trailer of HBO documentary: https://youtu.be/znCNT-9k_Ws, accessed on 31 October 2022.
3 (e.g., the front cover of the newspaper “The Times” of 30th January of 2013).
4 https://www.nytimes.com/2018/11/11/world/europe/nazare-portugal-surfing-big-waves.html; https://www.theguardian.

com/travel/2022/nov/04/nazare-portugal-watching-surfers-ride-monster-waves, accessed on 31 October 2022.
5 Source: https://www.facebook.com/praiadonortenazare/posts/10160210246034993, accessed on 31 October 2022.
6 https://vimeo.com/575472527/3476555f3a, accessed on 31 October 2022.
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7 https://www.surf-forecast.com/weather_maps/North-Atlantic?over=none&type=htsgw; https://pt.surf-forecast.com/; https:
//www.ipma.pt/pt/maritima/hs/, accessed on 31 October 2022.

8 https://beachcam.meo.pt/en/livecams/praia-do-norte-canhao-nazare/, accessed on 31 October 2022.
9 https://www.facebook.com/reel/1333419030760250, accessed on 31 October 2022.

10 https://www.facebook.com/praiadonortenazare/posts/10160210246034993, accessed on 31 October 2022.
11 https://www.atlasobscura.com/places/veado, accessed on 31 October 2022.
12 https://www.hidrografico.pt/index/en, accessed on 31 October 2022.
13 https://ie.linkedin.com/posts/visitportugal_portuguese-waves-activity-6990634210155741184-KYGF?trk=public_profile_like_v

iew, accessed on 31 October 2022.
14 https://www.facebook.com/nazarewaterfun, accessed on 31 October 2022.
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Abstract: (1) The tropical swallowtail moth Lyssa zampa received much public attention during its
years of mass emergence in Singapore and Southeast Asia. However, despite its prominence, little is
known about its population demographics and spatial ecology. This study aims to establish the annual
abundance of L. zampa, determine its spatial patterns of occurrence, and examine morphological
variation demonstrated by L. zampa with an emphasis on comparing urban vs. forest areas in
Singapore. (2) Various sources (field surveys across 18 sites, citizen science datasets and expert
knowledge) were used to catalogue L. zampa records from 2011 to 2020 and analyse its seasonal
abundance. (3) We confirmed the seasonal peak of L. zampa emergence to be between May and July,
with an unusually high mass emergence in 2014. The intensity of emergence was associated with
the intensity of a dry spell in February of that year. The total number of L. zampa sighted in urban
areas was higher despite the moth’s host plant being a tree that is restricted to mature forests and is
absent from urban areas. This suggests that the occurrence of L. zampa in urban areas is likely due
to the moth’s attraction to bright city lights. Our morphometric measurements further show that
L. zampa individuals in urban areas have greater wing length and lighter body weights (smaller body
widths) than their forest counterparts. (4) This implies that urban areas are not only drawing moths
that are unable to find the host plants and, therefore, cannot produce offspring but are also attracting
larger and better flyers out of forest areas. This situation is only likely to worsen as climate change
intensifies and dry spells become longer and more intense.

Keywords: Endospermum diadenum; host plant; lepidoptera; mass emergence; population peak;
Singapore

1. Introduction

Moths are relatively less studied in the tropics, including in Singapore. Since Murphy’s
seminal work on insects of Singapore in the 1980s [1], only a few ad hoc surveys have been
conducted across this species-rich taxa (e.g., [2]). One exception is the tropical swallowtail
moth, Lyssa zampa (Butler, 1869) (Uraniidae, Lepidoptera). This large, intermittently abun-
dant species has received sporadic public attention during its years of abundant occurrence
due to its size and presence in urban areas [3–5].

L. zampa [6,7] is distributed across Southeast Asia and Northeast Himalaya, and more
recently, reports have extended the range to Taiwan and Japan [8,9]. It is the largest uraniid
moth and second largest moth in Singapore after Attacus atlas (Family Saturniidae; [10]).
The only host plant species recorded for the caterpillar has been Endospermum diadenum
(Benn. & Muell. Arg) (syn. E. malaccense; family Euphorbiaceae)—itself a threatened species
and limited to certain forest patches in Singapore [5,11,12].

The seasonal abundance of L. zampa has been documented in Singapore through
recruitment of public sightings since 2005 [13–17], albeit in an ad hoc way. In May–June
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2014, the largest emergence of L. zampa thus far known from Singapore was reported,
and this resulted in numerous sightings around urban Singapore [17,18]. The emergence
was also picked up by the national and international media [3,4], and a much larger
emergence was reported from Malaysia, where it was reported to have disrupted a football
match [19,20].

The life cycle of the L. zampa and mass herbivory of larval host plants during this mass
emergence has been published by the lead author [5]. The 2014 study documented extensive
presence (estimated to be a cluster of 15,000–20,000 individuals) of L.zampa caterpillars on
several trees of E. diadenum within Singapore’s Central Catchment Nature Reserve. The
trees were checked for several days when silk threads were observed hanging around the
main trunk of trees, and larvae were hanging from them after several days. Subsequently, a
few adult moths were observed at this forested site in future visits [5].

Despite the life history documentation of L. zampa during the mass emergence, the
abundance of the species has not been mapped spatially, and the linkages between moths
in the forest and urban habitats have not been directly made. This follow-up study was
initiated to:

(i) document the seasonal abundance of moths from 2011 to 2020 with an emphasis on
the mass emergence in 2014.

(ii) map the distribution of adult moths in forest and urban areas during the mass emer-
gence in 2014.

(iii) understand the movement of adult moths between forest and urban areas.
(iv) demonstrate the morphological variation in L. zampa, by gender, location, and across

emergence batches.
(v) demonstrate the relationship between L. zampa abundance and rainfall patterns.

The distribution of L. zampa was mapped using data from public sightings and field
surveys in forest and urban areas. A mark-recapture study was conducted to understand the
movement between forest and urban areas. Understanding the patterns of mass emergence
of insects and reasons behind them could help improve predictions of such events and,
if needed, manage insect populations. This is important because insect populations are
foundational to the populations of higher order organisms found in those habitats.

2. Materials and Methods

2.1. Distribution of Public Sightings from Habitatnews and NSS

Sightings of L. zampa were collected from the public between 2011 and 2020 through
diverse sources: the National University of Singapore’s Habitatnews web portal (http://
habitatnews.nus.edu.sg, accessed on 7 February 2023), iNaturalist (https://www.inaturalist.
org/, accessed on 7 February 2023), and Nature Society (Singapore) or NSS’s mem-
bers/supporters. Records from NSS members were obtained during the mass emergence of
moths in 2014 using a customized Google Map (see https://goo.gl/maps/f4p5NkMhhB8
QoZmTA, accessed on 7 February 2023) and were integrated with the larger database. All
records were mapped and overlaid on a vegetation map of Singapore (courtesy: David Tan,
National University of Singapore). Records with nonspecific location information, such as
no GPS data or postal codes, were removed prior to analysis. The record locations were
verified and further cleaned to exclude locations found in large water bodies, such as the
Straits of Johor, or outside the borders of Singapore for analysis. Dates of sightings were
categorized by month and plotted onto a graph to determine the seasonality of L. zampa
observations.

2.2. Field Surveys during Mass Emergence

The majority of citizen science sightings during the mass emergence of L. zampa in
2014 came from urban areas in Singapore despite the high visitation to nature reserves,
parks and nature areas in Singapore. To supplement this citizen science data, a range of
natural habitats were surveyed using Pollard walks [21] in 2014 to estimate the abundance
of L. zampa in these habitats in comparison to the urban areas.
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A total of six vegetated patches, six urban parks and park connectors, and six urban
areas widely spread around Singapore were visited (Figure 1). Each survey site was
visited four times and once every week—twice during the observed peak emergence period
between 13 and 26 July 2014 and twice during the postemergence period from 20 September
to 12 October 2014.

Figure 1. Field survey locations across 6 forest, 6 urban park and 6 urban sites in 2014 spread across
Singapore based around sites of high occurrence of L. zampa as recorded on Habitatnews and NSS.
One 500 metres transect was established at each site. (  ) are forested survey sites at Admiralty Park
forest trail, Bidadari Muslim section, Dairy Farm Pass, Jurong Eco Garden forest trail, Macritchie
Nature Trail, and Pasir Ris Mangroves. (  ) are urban park survey sites including Bishan Park, Fort
Canning Park, Gardens by the Bay, Jurong Central Park, Mandai-Tekong Park, and Tampines Eco
Green. (  ) are urban survey sites including Arcade Mall, Bishan Stadium, Jurong West Stadium,
Marina Bay Financial Centre, Raffles Place, Republic Polytechnic, and Tampines Swimming Complex.

2.3. Mark Recapture of L. zampa

Mark recapture was conducted on 59 live individuals of L. zampa between June and
July 2014—31 individuals from Sime Forest (forested site), nine individuals from Bidadari
(also a forested site), and 19 individuals from Raffles Place (urban site) were captured,
marked, and released. The capture site was revisited for two consecutive days between
10:00 and 14:00.

L. zampa were captured using standard insect nets and marked on the underside and
upper side of the wing using a fine point marker pen (STAEDTLER Lumocolor permanent
pen 318); each individual was marked with a specific code and then released. This method
is widely used in other lepidopteran studies and, when properly executed, does not damage
individuals [22] or affect recapture rates. All marked individuals were photographed for
future reference. Measurements of body length, body width, wing length, as well as date,
time, and GPS locations, were recorded before the release of the moths. For recaptures, if
the marked code could be easily read with the naked eye or using binoculars, the individual
was not netted to avoid stressing the animal.
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2.4. Specimens Collection and Measurement

Fifty-nine dead specimens and sixty-one live specimens of L. zampa were collected and
measured from both urban and forested areas with the help of volunteers across Singapore
between May 2014 and July 2014. A vernier calliper was used to measure body length,
body width, and wing length of all specimens (Figure 2) using standard lepidopteran
measurement protocols [6,23]. The specimens were divided into two batches depending on
the month of data collection. Batch 1 spanned from 23 May to 9 June 2014, whereas Batch 2
spanned from 23 June to 31 July 2014.

 

   

Figure 2. Lyssa zampa moths in forested and urban areas photographed during the mass emergence
in 2014 across Singapore (photos by Anuj Jain). Several individual moths were seen attracted to city
lights and eventually trapped in glass panels or light bulbs.

All dead specimens were photographed, numbered, and deposited in the Zoological
Reference Collection at the Lee Kong Chian National History Museum, National University
of Singapore.

2.5. Statistics

Significant differences in wing length, body length, and body width between sexes,
batches, and locations were determined using the t-test or Wilcoxon signed rank test,
depending on the normality of the datasets. The datasets were tested for normality using
the Shapiro–Wilk test. The analysis was conducted using R Studio V1.2.1335.

3. Results

3.1. Seasonal Abundance of L. zampa

A total of 2547 L. zampa sightings were reported on Habitatnews, NSS and iNaturalist
between January 2011 and December 2020. Of these, 2416 sightings (94.9%) were in 2014,
and 2078 sightings (81.6%) were between April and July 2014 (Table 1). The peak emergence
of L. zampa was identified to be in May 2014 (Table 2).

The field surveys in July 2014 were conducted during the end of the peak emergence
period of L. zampa. Surveys in September and October 2014 were conducted during the
post-peak emergence period of L. zampa. These surveys across 18 sites showed a total of
11 individuals of L. zampa (an initial high of nine L. zampa individuals in forested areas in
week 1, i.e., 13–20 July 2014, and two individuals in the following week; Table 3). Sightings
in urban areas totaled 10 individuals with an increase from 4 to 6 individuals in two weeks.
Only one individual was seen in urban areas during the post-peak emergence period in
September 2014 (Table 3).
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Table 1. L. zampa sightings from 2011 to 2020 for the entire year (January–December) and during the
peak emergence season (April–July).

Year Total Sightings Sightings (April–July)

2011 7 3
2012 19 11
2013 21 13
2014 2416 2078
2015 0 0
2016 13 4
2017 12 5
2018 33 25
2019 11 6
2020 15 4

Table 2. The total number of sightings of L. zampa classified by months in 2014.

Month 2014 Sightings

Jan. 1
Feb. 1
Mar. 2
Apr. 25
May 1824
Jun. 167
Jul. 62

Aug. 3
Sep. 1
Oct. 2
Nov. 0
Dec. 0

Table 3. Total number of L. zampa recorded through trail surveys across forested areas, urban parks,
and urban areas.

Dates Forested Areas Urban Parks Urban Areas

13 July–26 July 2014 11 1 10
20 September–12

October 2014 0 0 1

3.2. Spatial Distribution of L. zampa in Singapore

We recorded the highest number of sightings in areas of high human density in the
central business district and southeastern regions of Singapore, namely Tampines and
Bedok (Figures 2 and 3). Forested areas, such as the Central and Western Catchments,
reflected few adult records, although mass emergence was documented here [5] (Figure 3).
The majority of other green spaces also reported fewer than 30 sightings (Figure 3).
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Figure 3. Number of sightings of L. zampa recorded in Habitatnews, iNaturalist and NSS across
Singapore from 2011 to 2020 with a map scale of 1:50,000. Sightings within the Urban Redevel-
opment Authority Planning Zones were clustered and represented as a circle. Zones of relatively
high sightings include Tampines (105 sightings) and Bedok (107 sightings) in the east, Queenstown
(165 sightings) in the central west and the central business district in southern Singapore (>300 sight-
ings). The base vegetation map was obtained from David Tan and used with permission.

3.3. Morphological Variation between Sexes, Batches, and Locations

While the results from the mark-recapture study were inconclusive, as only one of
59 marked L. zampa was recaptured, the dead and live specimens captured during the study
and submitted by other volunteers helped us do a morphometric analysis between wing
length, body length, and body width (measured in cm).

Measurements showed significant differences in wing length and body width between
L. zampa males (n = 86) and females (n = 34; Table 4). Females have significantly longer
wing lengths (p < 0.001, W = 757) and wider body widths (p = 0.002, W = 295) than male
L. zampa (Table 4). Body lengths between male and female L. zampa were not significantly
different. Similarly, urban moths (n = 76) have significantly longer wing lengths (p < 0.001,
t = 2.47) and smaller body widths (p < 0.001, W = 517) than forest moths (n = 42).

When comparing males only, urban males (n = 47) had marginally longer wing lengths
(p =0.045, t = 2.05) and wider body widths (p < 0.001, W = 225) than forest males (n = 37).
Despite the small sample size, when comparing females only, urban females (n = 29) had
longer wing lengths (p = 0.008, W = 128) than forest females (n = 5).

Across batches, males of batch 1 (n = 27) had longer wing lengths (p = 0.006, W = 1092)
than males of batch 2 (n = 59). Females of batch 1 (n= 21) also had longer wing lengths
(p = 0.021, t = 2.47) than females of batch 2 (n = 13).

71



Land 2023, 12, 589

Table 4. Wing length, body length, and body width variation between sexes, batches and habitats
(forest, urban areas) in L. zampa. Body length was measured from the head to the end of the abdomen.
Body width was measured at the thickest point of the specimen’s abdomen. Wing length was
measured from the midpoint of the head to the tip of the most intact wing. ‘t’ value refers to t-test
and was used when the datasets were normally distributed. ‘W’ value refers to Wilcoxon signed rank
test and was used when the datasets were not normally distributed. Level of significance is marked
with asterisk: *** p < 0.001, ** p < 0.01, * p < 0.05.

All—Males & Females

Sex N Mean/cm S.D Test-statistic p-value

Wing length Male 86 6.29 0.62
W = 757 <0.001 ***Female 34 6.88 0.74

Body length Male 86 3.45 0.36
t = 1.37 0.177Female 34 3.35 0.35

Body width Male 86 0.55 0.16
W = 295 0.002 **Female 34 0.68 0.12

Habitat N Mean/cm S.D Test-statistic p-value

Wing length Urban 76 6.65 0.63
t = 4.27 <0.001 ***Forest 42 6.09 0.70

Body length Urban 76 3.44 0.36
t = 1.05 0.298Forest 42 3.37 0.36

Body width Urban 76 0.53 0.17
W = 517 <0.001 ***Forest 42 0.64 0.12

Batch * N Mean/cm S.D Test-statistic p-value

Wing length Batch 1 48 6.81 0.61
t = 4.92 <0.001 ***Batch 2 72 6.23 0.67

Body length Batch 1 48 3.51 0.33
t = 2.06 0.042 *Batch 2 72 3.37 0.38

Body width Batch 1 48 0.49 0.14 W = 309 0.009 **
Batch 2 72 0.60 0.15

Males Only

Habitat N Mean/cm S.D Test-statistic p-value

Wing length Urban 47 6.4 0.50
t = 2.05 0.045 *Forest 37 6.12 0.71

Body length Urban 47 3.48 0.38
W = 1012 0.2Forest 37 3.41 0.34

Body width Urban 47 0.48 0.15
W = 225 <0.001 ***Forest 37 0.63 0.13

Batch N Mean/cm S.D Test-statistic p-value

Wing length Batch 1 27 6.56 0.47
W = 1092 0.006 **Batch 2 59 6.17 0.64

Body length Batch 1 27 3.56 0.08
W = 1083 0.008 **Batch 2 59 3.4 0.16

Body width Batch 1 27 0.43 0.36
W = 141 0.001 **Batch 2 59 0.58 0.35

Females Only

Habitat N Mean/cm S.D Test-statistic p-value
Wing length Urban 29 7.05 0.63

W = 128 0.008 **Forest 5 5.91 0.64
Body length Urban 29 3.39 0.34

t = 1.37 0.227Forest 5 3.13 0.40
Body width Urban 29 0.68 0.14

t = −0.06 0.95Forest 5 0.68 0.04
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Table 4. Cont.

Females Only

Batch N Mean/cm S.D Test-statistic p-value
Wing length Batch 1 21 7.12 0.63

t = 2.47 0.021 *Batch 2 13 6.5 0.76
Body length Batch 1 21 0.71 0.09

t = 1.43 0.173Batch 2 13 0.67 0.12
Body width Batch 1 21 3.42 0.26

t = 0.587 0.589Batch 2 13 3.22 0.46

3.4. Relationship between L. zampa Abundance and Rainfall

A weak relationship was observed between L. zampa’s annual total abundance between
2011 and 2020 and rainfall (mm) in February (Pearson’s R = −0.27, p = 0.41, t = −0.86;
Appendix A), as well as between L. zampa’s annual total abundance and number of rainy
days in February (Pearson’s R = −0.43, p = 0.177, t = −1.47, Appendix A).

4. Discussion

Using field surveys, citizen science and expert datasets, we show the once-in-a-decade
mass emergence of Lyssa zampa in Singapore. We also show that the highest number of L.
zampa sightings were in areas of high human density, thus suggesting that this may have to
do with moths being attracted to city lights.

4.1. Seasonal Abundance of L. zampa and Reasons behind Mass Emergence

Our observation of L. zampa’s peak emergence from May to August and that of the
L. zampa’s annual total abundance between 2011 and 2020 was weakly related to rainfall
(mm) in February, and the number of rainy days in February corroborates with the tropical
literature in which insect populations tend to peak following dry spells [24–26]. February
is usually the driest month in Singapore [27]. In 2014, the mass emergence of L. zampa in
Singapore followed a record-long dry period with only 0.2 mm of rainfall in February—the
driest month on record in Singapore since 1869 [27,28]. A minor peak emergence was
observed in 2021 (estimated 200 records), which was preceded by a dry spell of only 1 mm
of rainfall in February —the second lowest month on record since 1869 [29]. Back in 2010,
there were anecdotal records of a minor peak emergence of L. zampa (but only eight records
submitted by citizen scientists), and this was preceded by a dry spell in February 2010 with
6.3 mm of rainfall received in that month [30]. Beyond rainfall and number of rainy days in
February, there may also be other factors that determine L. zampa abundance and which
need further investigation.

Peak abundance in tropical areas contrasts with observed insect seasonality in tem-
perate regions ([25,26,31–33], where insects tend to be more abundant during wet sea-
sons [25,33].

Dry spells have, in part, been observed to induce mass flowering events [34], which is
true of 2005, 2010, and 2014 [13,35]. Furthermore, studies by [26] suggest that fresher green
leaves are produced following the falling of older leaves during the dry season. Fresh green
leaves are more nutritious for larvae [26,33], and hence their presence would provide an
ideal environment for the reproduction of L. zampa. The dry spells may thus have triggered
the mass emergence of L. zampa.

We also hypothesize that L. zampa may be exploiting a window of opportunity to feed
on its toxic larval host plant, E. diadenum, because plant defenses are lower during the dry
spells [36]. However, a longer and more rigorous study may be needed to disentangle the
effect of host plant toxicity and relate it to dry spells that prompted mass emergence.

4.2. Forests as Source, Urban Areas as Sinks

The only known host plant of L. zampa, E. diadenum, is a nationally threatened tree
species limited to mature forests in Singapore (A. J. pers. comm. Ali Ibrahim; [37]). Our
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field surveys from July to October 2014 and subsequent consultation with botanists also
confirmed the lack of host plant E. diadenum in urban areas and parks. During the mass
emergence in 2014, the mass eclosion of thousands of L. zampa caterpillars from a cluster
of host plant trees from the Sime Forest in central Singapore was documented [5]. This
location is, by far, the only known breeding source of L. zampa in Singapore. The finding
implied that all L. zampa originate from Singapore’s mature forests, where the host plants
are present.

L. zampa is known to be nomadic and may migrate ‘out of forest’ in search of potential
host plant clusters. Indeed, L. zampa host plants in Sime Forest were recorded to be nearly
completely eaten away during the mass emergence in 2014 [5]. The many records of L.
zampa in densely populated urban zones suggests that adult L. zampa was attracted out
of the forest areas and into the brightly lit urban environment potentially in search of the
larval host and/or nectar plants. Because urban areas do not have any L. zampa host plants,
it is clear that these areas would act as population sinks, as the moths would not be able to
find host plants to lay eggs and sustain their offspring.

Because light intensity and population density are shown to be positively corre-
lated [38,39], this implies that the brightest zones in Singapore recorded the maximum
number of L. zampa moths. However, we cannot discount that the higher reporting rates
from areas of high human density may be somewhat influenced by the larger population
of interested individuals there. A massive survey effort across the island would be needed
to correct for potential observer bias in such citizen science-based datasets.

L. zampa have been recorded being attracted to light traps during nocturnal field
surveys in Singapore [2]. L. zampa has also been recorded entering lit houses at night and
getting trapped in building facades or bulbs. Other Uranid moths, such as Urania fulgens (a
species phylogenetically related to L. zampa), are also known to be attracted to light [40].

4.3. Morphological Variations

A closer comparison of the distribution data and morphometric measurements of L.
zampa underscores variation between wing lengths of moths found between sexes, habitats,
and batches.

4.3.1. Females Larger and Heavier Than Males

Our observation of L. zampa females being larger (longer wing length) and heavier
(wider bodies but similar body length) than males corroborates with the literature in which
larger females are observed in many lepidoptera [41–45]. These morphological differences
can be attributed to the sexual selection theory in which larger females have extra energy
for egg production, thereby offering them a fecundity advantage [41,43,46].

4.3.2. Urban Moths Are Longer and Lighter Than Forest Counterparts

Urban L. zampa individuals have significantly longer wing lengths and lighter bodies
(smaller body widths) than forest individuals, suggesting a greater power of flight in urban
individuals. This is also true for male L. zampa when compared between urban and forest
areas. Moths with longer and larger wings tend to be better and stronger fliers [47]. This
finding suggests that larger and stronger flying L. zampa migrate ‘out of forest’ and become
trapped in urban areas, leaving smaller-sized and presumably less fecund individuals
in forests. This could result in population level implications for the moths in just a few
generations.

4.3.3. Smaller Moths over Time

Our observation that wing length reduced with time (i.e., first batch > second batch)
can be attributed to an increase in host plant defense following the emergence of the first
batch of L. zampa in early June 2014. Plants are known to protect themselves against larvae
through chemical defenses (i.e., secretion of deterrent secondary plant compounds) against
predation [48]. Alkaloids, cyanogenic glycosides, terpenoids, and phenolics employed in
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chemical defense have been shown to increase mortality rate and decrease fecundity of
insects [49–52]. In another study, the larvae of Urania fulgens (a species related to L. zampa),
when fed with leaves (formerly grazed by livestock), had a significantly slower growth rate
and higher mortality [49]. Due to the high costs of toxin production, such defenses against
predators are generally not long running and are triggered only by herbivory [53]. It is
likely that chemical defenses by E. diadenum were triggered after the emergence of the first
batch of moths, eventually resulting in smaller moths in subsequent batches.

Another explanation for the difference in moth size between the two batches may be
due to food availability. The reduced availability of fresh leaves on the host plant after the
emergence of the first batch of individuals may have resulted in smaller L. zampa during
the second batch of emergence. The authors of [54,55] reported a decrease in wing length
of monarch butterflies, Danaus plexippus, when larvae were starved of food.

4.4. Conservation Implications

It is clear that urban areas in Singapore are acting as sinks for L. zampa and drawing
populations of the fitter moths (i.e., larger and better-flying individuals) from the forests.
The majority of L. zampa individuals that are attracted to urban areas would not be able
to find the host plants and lay eggs and complete their life cycle. The impacts of climate
change on L. zampa populations seem like a two-fold problem. As dry spells are likely to
become longer and more intense due to climate change in the future [56], it may mean more
frequent mass emergences leading to more mortality of L. zampa in urban areas. With fitter
individuals drawn to urban areas during mass emergence events, it may mean a degraded
gene pool in a possibly declining population with every such event. This is over and above
the fact that insects are prone to higher extinction risk as a result of climate-mediated shifts
in temperature fluctuations [56].

Urgent steps may be needed to mitigate the impact of urban population sinks for this
charismatic species. An immediate first step could be to plant the host plant of L. zampa in
urban parks adjoining forested habitats and selected streetscapes of Singapore to provide
adequate host plant resources at the time of the next mass emergence. Such larval host
plantings in urban parks and gardens have been shown to increase populations for another
charismatic and threatened Lepidopteran species, Pachliopta aristolochiae, in Singapore [57].
Another useful area of research could be to examine the larval host plant preference of L.
zampa under laboratory conditions and identify if it may use other plant species as hosts
that could be planted more widely across landscapes in Singapore.

Past records show flowers of the Tembusu tree (Cyrtophyllum fragrans) as the only
recorded nectar source for L. zampa in Singapore. More research should be done to docu-
ment the diversity of nectar plant preferences for L. zampa and to determine if other nectar
plant species could be planted for L. zampa in urban areas. Whilst our mark-recapture
study failed to get enough recaptures, a longer and more intensive study may be needed
to document the trajectory of the movement of L. zampa individuals from ‘out of forest’ to
urban areas. Reducing urban lights by introducing appropriate lighting solutions should
also be considered along migratory/flight paths of moths to mitigate the impact of urban
areas as sinks.

In parallel, awareness-raising efforts about this species’ unique ecology and interaction
with urban areas should continue as these efforts form the bedrock of citizen science
monitoring and research. Such initiatives will ensure that members of the public and
experts continue to be interested and share L. zampa sightings across Singapore and take
adequate conservation actions.
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Appendix A

The amount of rainfall and the number of rainy days in February across Singapore
from 2011 to 2020. Source: Available online: www.data.govt.sg (accessed on 7 February
2023).

Year Feb_Rainfall_mm Feb_Number_Rain_DAYS

2011 23 8
2012 83.6 11
2013 395.2 22
2014 0.2 1
2015 18.8 6
2016 186 10
2017 158.4 15
2018 14.8 5
2019 31.6 5
2020 65 8
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Abstract: Land use planning is a science that specifies the optimized use of land based on ecological
and socioeconomic characteristics. In many parts of Iran, the selection and management of land use
(development, especially) is performed regardless of land capability, which causes disinvestment
and reduces the environmental capacity. The main objective of this study is to evaluate and reform
the ecological model of urban, rural, and industrial development in the study area. This study
was conducted in Fasa County in the southern part of Iran, and the investigated methods included
Weighted Linear Combination (WLC) or Multi-Criteria Evaluation (MCE), with two views, without
limitation and with limitation, and the proposed geometric mean method through the integration
of maps in GIS. The results showed that the geometric mean evaluation model (with kappa = 0.69)
is the best and easiest compared to other models in the estimation of environmental capability.
It should be mentioned that the lowest precision (with kappa = 0.59) between the methods was
observed in the MCE method without a limiting factor, and it is clear that the limiting factor has
a decisive role in assessing ecological capability and increasing accuracy. It is concluded that the
proposed geometric mean method, due to the simplicity and high accuracy of the calculations, has a
significant contribution to increasing efficiency and reducing the costs associated with the assessment
of ecological capability.

Keywords: land use planning; ecological capability assessment; geometric mean; multi-criteria
evaluation

1. Introduction

It is worth noting that policy assessments have gradually become more efficient in the
policy-making process [1]. The Organization for Economic Co-operation and Development
and other organizations have made noteworthy contributions to increasing awareness about
sustainability in policy assessments. Recent research highlights the importance of assessing
the potential impacts of proposed policies as a way to achieve sustainable development [2].
Sustainability and sustainable development are increasingly gaining attention from various
groups, including the media, the research community, and environmental activists [3,4].

When it comes to assessing sustainability, it is crucial to consider the economic, social,
and environmental dimensions [5–9]. Understanding the land’s capabilities is also essen-
tial. To achieve sustainable outcomes in policies, plans, programs, or projects, utilizing
indicators on different objective levels can be the key to success. Soil- and water-related
elements are especially important to consider [10–13].
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Sustainable development of an urban area requires urban land use planning [14]. Land
use planning tries to plan optimal uses to be replaced and to protect against incompatible
changes and potential changes [15,16]. Such management strategies make an urban area
sustainable through land use planning. Therefore, land use planning is vital in planning a
city and its suburbs [17].

Although comprehensive land use planning is a complex decision-making process,
the invention of new technologies in the GIS environment has simplified such complex
assessments in two ways—(1) GIS allows experts to work with a large number of datasets;
(2) with several methods, techniques, or models, the analysis of land use capacity can
be evaluated in GIS [18–20]. A large number of physical and environmental, social, and
economic indicators have been considered for proper planning of the development of
urban and industrial areas. Geographical data are used in a GIS environment by using
these indicators in various complex ways in the evaluation process of urban development
planning. However, to use these datasets in GIS, spatial database management is required,
especially when the datasets are complex and voluminous [21,22]. To build such a spatial
database, at first, it is necessary to prepare a conceptual model so that their mutual relations
are well defined and the database can be used to store, edit, and query data easily. Then,
some models or multi-criteria decision-making (MCDM) techniques embedded with GIS
can be used to evaluate land use capability [23–25]. To weigh the indicators, the Analysis
Hierarchy Process (AHP), which is a technique in MCDM, can be used for urban develop-
ment planning using GIS. McHarg (1969) [26] showed that land capability assessment is an
important step in land use planning. It is also very important to choose the appropriate
evaluation method for land use planning [27]. Mitra and Ilangova (2004) [28] have pointed
out that GIS has a very important role in the location of land uses. GIS typically stores
and evaluates extensive data in the form of digital maps [29]. Pourkhbaz et al. (2014) [30]
conducted a good evaluation of agriculture in the Qazvin-Takestan plain in Iran by us-
ing multi-criteria evaluation (MCE) methods and by using AHP and simple incremental
weight (SAW). Their results showed that the application of MCE can be useful in evaluat-
ing agricultural potential. Jokar et al. (2021) [25] evaluated and reformed the ecological
model of the development of ecotourism in Sepidan County, Iran. The results showed
that the geometric mean evaluation model and its calibration are better than other models
(Iranian Evaluation Model of Ecological Capability based on Boolean logic; the maximum
limits proposed method (Boolean logic), and the arithmetic mean) in the estimation of
environmental capability.

Parry et al. (2018) [31] were able to determine urban development potential through
AHP and MCE using a set of geophysical and socio-economic criteria in urban areas of
Srinagar and Jammu, India. For better urban development planning and appropriate
decision making, their study provided information about the suitability of the area’s lands
for creating urban welfare development in the future.

A decision method for deriving combined maps using GIS is the Weighted Linear
Combination (WLC) technique. It is one of the most commonly used decision-making
models in the GIS field. However, the application of the method often occurs without a
full understanding of the assumptions behind the approach. In many case studies, because
analysts (decision makers) ignored or were unaware of the assumptions, the WLC model
has been misapplied with questionable results. When it comes to the WLC method, there
are specific challenges in weighting and standardizing indicators that should be taken into
account. Evaluation methods face a problem with this method, as they need to consider the
constraints to avoid lax evaluation and to maintain accuracy in determining the ecological
range for the indicators. Weighting indicators can also lead to mistakes, and standardization
of indicators can result in errors by evaluators [23]. This is why it is crucial to prepare an
evaluation model that does not have these challenges to ensure reliable land evaluation.

In this research, according to the mentioned cases, two WLC evaluation methods
without constraints and with constraints and considering the AHP weighting method
to determine the weight of indicators were evaluated to assess the ecological capability
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of urban and industrial development in Fasa County in the south of Iran. Additionally,
Fasa County’s sufficient data and good ecological diversity made it an excellent candidate
for land evaluation. Then, the accuracy of the above two methods was measured with
a new and lenient evaluation method based on the evaluation of indicators based on
the geometric mean. The hypothesis of this research is that the geometric mean method
has higher accuracy than the WLC method without constraints and that it has equal or
higher efficiency than the WLC method with constraints due to its ease of implementation.
Therefore, the main objective of this study is to develop a newly proposed method in
comparison to WLC or MCE (using fuzzy-AHP)-based averaging methods. This proposed
method may have the ability to evaluate land for urban and industrial development more
easily and accurately.

2. Materials and Methods

2.1. Study Area

Fasa County (Figure 1) is located in the southern part of Iran. Its area is 4188 Km2. Fasa
is one of the cities of the Fars province and the center of Fasa County. The city of Fasa is
located at 53◦40′ E and 28◦58′ N at an altitude of 1370 m above sea level, and it is a city with
a distance of 145 km from Shiraz, the capital of the Fars province. Fasa County is the fourth
most populated city in the province, with a population of 208,000. Fasa is located in the
semi-arid temperate region. The highest temperature in the summer reaches 42 ◦C, and the
lowest in the winter reaches −8 ◦C; the average rainfall of the County is about 380 mm per
year. The economy of this county is based on agriculture and animal husbandry. Fasa boasts
of its thriving agricultural industry, particularly in wheat production, which is the highest
production in Iran. The city’s climate is well suited for the growth of tropical palm trees
and various fruit trees, such as oranges, tangerines, pomegranates, pistachios, almonds,
and walnuts. Moreover, animal husbandry contributes significantly to the local economy,
with livestock and dairy products, wool, leather, and meat being among the prominent
products. In general, nearly 40% of Fasa County is plain, and the rest is mountainous. The
elevations in Fasa County extend from the Zagros Mountain range and follow a northwest-
to-southeast direction. The mountains consist mainly of limestone and chalk, while the
plains of Fasa County are relatively flat with little variation in elevation, and they are
covered by alluviums from the Quaternary period. Based on the American comprehensive
system, the soils in Fasa County can be categorized as either Antisol or Inceptisol. Moreover,
these soils fall into three main subgroups (Arenosol, Cambisol, and Calcisol) under the
international FAO system [32].

Figure 1. The map of Iran shows the location of Fars province and Fasa County in the southern
region of Iran.
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2.2. Methodology

The general methodology consists of two parts. (a) description and reclassification of
indicators, and (b) evaluation and formulation of two models based on the geometric mean
and WLC. Figure 2 shows the working method flow diagram of the programmed model.
The obtained data include two types: (1) digital data and (2) map data, mainly in a vector
format with the spatial reference of the UTM Zone 39N projection with semi-detailed to
detailed information (with scales of 1:50,000 to 1:100,000). All of these data used by the
regional and main offices of the Ministries of Energy and Agriculture of Iran have been
prepared and processed using different methods in GIS to carry out this research (Table 1).
The slope index was prepared from the Digital Elevation Model (DEM) map, and the
land type index was prepared from the land unit map. Climate indices, like precipitation,
temperature, etc., were provided from synoptic and climatology stations of the study area.
Soil and geology maps with their parameters were provided based on existing maps. Also,
the geometric and descriptive features of the maps were modified using Global Positioning
System (GPS) tools along with fieldwork. Buffer maps of faults and rivers were obtained
from the geological and stream maps. Data on the quantity of water were provided by
the regional water office. It should be mentioned that we used existing maps with field
surveys and modifications for vegetation parameters.

Figure 2. Flowchart of the methodology performed to assess ecological capability in this study.

Table 1. The parameter classes for the ecological capability assessment of development [23].

Criteria Indicators
Classes of Ecological Capability and Their Rating Score

Highly Suitable (2) Moderately Suitable (1) Poor to Not Suitable (0)

T
O

P
O

G
R

A
P

H
Y

Land type
Plains except for

floodplains

Plateau and upper
terraces, alluvial and

colluvial fans

Mountainous and hilly
areas, floodplains

Slope (%) 0–15 15–30 >30

C
L

IM
A

T
E Precipitation (mm) 501–800 51–500 or >800 <50

Temperature (◦c) 18.1–24 24.1–30 or <18 >30
Relative humidity (%) 40.1–70 <40 or 70–80 >80

Wind speed (km/h) 1–35 36–60 >60
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Table 1. Cont.

Criteria Indicators
Classes of Ecological Capability and Their Rating Score

Highly Suitable (2) Moderately Suitable (1) Poor to Not Suitable (0)

S
O

IL

Texture Moderate (often) Light (often) Heavy (often), Regosols, Lithosols
Depth (cm) Deep (> 80) Semi-deep (50−80) Shallow to very shallow (<50)

Gravel percent 0–25 26–50 >50
Drainage (cm/hr) Good (2–6) Moderate (0.1–2 or 6–25) Poor (<0.1 or >25)

Erosion None to slight Moderate Severe to very severe
Granulating Moderate Fine or coarse Very fine

Evolution Perfect Moderate Low

G
E

O
L

O
G

Y

Lithology

Sediments of the
continental shelf,

Ophiolite of melange
color, and Sandstone

Middle Eocene
pyroclastic rocks,

limestone and dolomite,
granite, shale, alluvial
cones, conglomerate,
claystone, loess, and

alluvial terraces

Schist and gneiss and amphibolite,
calcite marble and dolomite,

quartzite, marl, salt domes, gipsum
domes, sand dunes, floodplain, and
Buffer maps for faults and rivers 1

V
E

G
E

T
A

T
IO

N

Canopy cover (%) 0–25 26–50 >50

W
A

T
E

R Quantity of water
for everyone

(Lit/day)
<225 150–225 <150

1—Major Fault = 1 km, Minor Fault = 300 m, River = 1 km (based on guidelines of the Department of Energy and
the Department of Housing and Urban Development).

2.2.1. Description and Reclassification of Indicators

The selection of indicators and their classification method are derived from the eval-
uation model of the Iranian assessment of ecological capability for development use [33]
based on the evaluation of Boolean logic, including three (3) classes. Of course, because the
classification of indicators in the above model is not clear for the evaluators, the new classi-
fication method shown in Table 1 has been created to facilitate its use. Thus, new classes
have been introduced, including highly suitable (good), moderately suitable, and poor to
not suitable (Table 1). The selection of indicators in the evaluation model of the ecological
capability of different utilizations in Iran is based on those indicators that are important in
the evaluation of the ecological capability of residential and industrial development, such
as various indicators of topography, climate, soil, geology, vegetation, and water.

Table 1 shows that the classification range of the above indices is quantitative for most
of the indices and qualitative for the rest due to the descriptive nature of the index (such
as land type or lithology type). Of course, as Table 1 shows, for the above two cases, the
ecological capability score of the classes (0 to 2) for the averaging evaluation method is
given in the form of a geometric mean. Of course, this score range for classification by the
WLC method usually includes the range of 0 to 1 or 0 to 255.

2.2.2. Evaluation and Formulation of the Proposed Model Based on the Geometric Mean
and WLC

Multi-criteria evaluation (MCE) or WLC: First, data or indices in vector format were
converted to raster data. Then, linear fuzzy classification (0 to 1) was performed on these
parameters based on their thresholds (Table 1). Linear fuzzy classification explains the
fuzzy membership function based on the maximum and minimum fuzzy membership of
1 and 0. The Table 1 classification was used to classify and determine the fuzzy numbers.
Suitability classes with scores of 0 and 2 will represent fuzzy values of 0 and 1, respectively.
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In the next step, the mentioned indicators were weighted based on the AHP method with
specialist discernment. Then, the WLC method was used to weigh the input data. With
a weighted linear combination, the indices were combined by applying a weight to each
index and then classifying the results to obtain a suitability map (Equation (1)).

X1 = [(W1 × Indicator1) + (W2 × Indicator2). . .+ (Wn × Indicator n)] × Ci (1)

W = obtained weight for each parameter.
Ci = constraints; in this study, WLC was investigated based on both existing constraints

and without constraints. Ci should be 0 (existing constraints) or 1 (without constraints) in
each pixel.

Finally, a natural breaks method was performed for the final classification of the fuzzy
map in 3 classes.

Geometric mean: According to the indicators listed in Table 1, each indicator in a
vector format was given a weight from 0 to 2 (0 indicates poor to unsuitable ecological
status, and 2 indicates suitable ecological status for development). Then, each criterion was
evaluated according to the geometric mean of the indicators presented in Equation (2):

criterion_x = (layer1 × layer2 × . . . × layern)1/n (2)

In this formula, criterion_x is a criterion, the layer is an indicator of the criterion (such
as slope and land type parameters in the topography criterion), and n is the number of
indicators. Next, the criteria were multiplied using the geometric mean (Equation (3)).

Final score of land suitability for Development
= (Topography × Climate × Soil × Geology × Vegetation × Water)1/6 (3)

In this formula, the final score helped us to prepare the final suitability map. Then,
the land capability classes for development use were determined using Table 2 in the
GIS environment.

Table 2. Land capability classes for development use based on their points in the polygons prepared
in the final map.

Suitability Classes Good (1) Moderate (2) Poor to Not Suitable (3)

Scores of polygons 1.5–2 0.5–1.5 <0.5

2.2.3. Validation Models

To validate the obtained map, it should be compared with ground reality samples [34].
In the current research, the first settlement area (Fasa City as the main city) defined in
the current land use map is equivalent to a good class, other cities and rural areas are
equivalent to a moderate class, and the dense and semi-dense forest in the mountains and
desert lands (saline and bare land) are equivalent to the poor and not suitable class (Table 3).
After that, samples of these regions (Table 3) were collected in ArcGIS 9.3 environment
using the “Create Fishnet” algorithm, both systematically and randomly [35]. Then, these
points were placed on land capability maps for validation. The results of validation can
be seen in a table called the “error matrix” or agreement matrix (Table 3). In this table,
quantitative indicators of accuracy, such as the “kappa coefficient, overall accuracy, and
in-class index,” are estimated [36]. The in-class coefficient is an accuracy index to estimate
the correct preparation of appropriate classes for each use, such as the main city in the land
map [35].
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Table 3. The Error matrix for development use in the region.

Ground Reality

Classes Fasa City (Main) Other cities and rural areas The dense and semi-dense forest in the
mountains, desert lands

1 *
2 *
3 *

Point number 510 276 675

3. Results

Table 4 shows the weight of the indicators used in WLC methods with a Consistency
Ratio of CR < 0.1. According to this method, the water index has the highest weight, and
the land type and lithology indices are in the next ranks.

Table 4. The weight of the indicators used in the development model based on the AHP method.

Factor Factor Weight

Slope 0.091
Land Type 0.115
Rainfall 0.078
Temperature 0.039
Relative Humidity 0.019
Wind Speed 0.021
Soil Texture 0.039
Soil Depth 0.107
Soil Drainage 0.042
Soil Erosion 0.072
Lithology 0.114
Vegetation 0.047
Quantity of Water 0.216

CR 0.05

The capability map with the best accuracy prepared by the geometric mean is observed
in Figure 3. Table 5 shows the accuracy assessment indexes in the used models. The results
showed that the WLC method without constraints has the lowest accuracy, and it is clear
that the limiting factor has a decisive role in assessing ecological capability and increasing
the accuracy. Also, the proposed method including three classes by geo-mean is close
to WLC with constraints, with high accuracy. Figure 4 also shows the proximity of the
expansion of capability classes in these two methods, but it should be mentioned that the
geometric mean evaluation model is simpler than WLC because this method does not
need a weighting process. This issue indicates that the evaluation with a geometric mean
with three final capability classes can be a suitable method for finding potential urban and
industrial development areas. The final map prepared, based on the proposed method, is
placed between 0 and 1. Therefore, this method has a high capability in separating classes
and locating them compared to other evaluation perspectives.

Table 5. Values of validation indices, kappa coefficient, overall accuracy, and in-class coefficient in
the used models.

Land Use
Index

Model MCE (WLC)
Geometric MeanWithout Constraints With Constraints

Development
Overall Accuracy 74 82 82
Kappa Coefficient 0.59 0.69 0.69
In-Class Coefficient 2.18 5.29 5.13
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Figure 3. Cont.
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Figure 3. Maps of the ecological capability of urban and industrial development prepared by
(a) WLC (without constraints), (b) WLC (with constraints), and (c) geometric mean method.

Figure 4. The percentage of lands under different capability classes for different methods of evaluating
development potential in this research.

4. Discussion

Considering the ecological capacity of an area is crucial to sustainable land use plan-
ning, especially for urban and industrial zones. This approach ensures that land use is
sustainable and that it caters to the needs of both the environment and humans. Urban
areas play a significant role in achieving Sustainable Development Goals by providing safe
and affordable housing, water, and sanitation, as well as improving transportation systems
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to make them accessible and sustainable for all. By prioritizing these factors, cities become
safer, more resilient, and sustainable, and they contribute to a more sustainable future.

In this study, the model of the ecological capability of development use was in-
vestigated using different evaluation methods (WLC and geometric mean) and with an
all-around approach to the environmental characteristics of Fasa City. It is worth mention-
ing that in the review of the topographic criteria for evaluating the urban development
potential, changes were made compared to Iran’s ecological model [33]. In this way, the
land type index (based on Iran’s ecological model) was added to the above model, and the
height above the sea level index was removed from the above land use model. Considering
that there are some suitable urban areas in the world that are at low altitudes, such as in
Europe, as well as areas that are located in the plains but at high altitudes, in the current
urban development model, the height index was removed. Therefore, the topography
criterion was evaluated by considering the slope and land type indicators. In research
conducted by Monavari et al. (2008) [37] in order to evaluate the ecological capability of
the Zakhard watershed area in the northwestern part of Shiraz City in the south of Iran,
the results of the study showed that upon considering all of the ecological parameters, the
entire area is unsuitable for urban development. However, by removing the height index
from the region, about 9% of the basin will have suitable capability for urban development.

In this research, the accuracy of the model in the geometric mean conditions was
better than the WLC ecological model without considering the limiting factor and almost
equal to WLC with the limiting factor considered. In relation to the evaluation method
in general, it can be said that in the WLC method without considering the limiting factor
or the simple WLC without weighting, which are non-strict methods, the majority of the
region tends towards the appropriate classes. But, in stricter methods based on Boolean
logic, such as Iran’s ecological models, FAO models for evaluating agriculture and natural
resources [38], and maximum limit methods, the majority of the region moves towards
inappropriate classes. It is rare to find areas with suitable and moderate capability in a
region. But, the evaluation methods based on the geometric mean and WLC, considering
the limiting factor, are placed between these two views. However, the majority of the region
tends towards the weak or medium classes due to the consideration of the limiting factor
or the consideration of the zero number in the method of multiplying by the geometric
mean. Therefore, the results of this research are consistent with the results of Davidson et al.
(1994) [39], Baja et al. (2006) [40], Najafinejad et al. (2013) [41], and Jokar et al. (2021) [25].

In FAO models, the way to evaluate the capability of land uses is based on the maxi-
mum limit approach, which, like Iran’s ecological models, has a strict decision regarding
the location of land uses. This type of decision making (maximum limitation and systemic
method) is based on the type of attitude towards the environment and the examination of
its components, as well as estimating the capability without prejudice and only based on
the inherent potential of the land [41]. However, these pure and idealistic attitudes towards
the environment ignore social and economic factors and make an incomplete estimate
of the real capability of the land [42]. In other words, the above methods have a limited
attitude towards land evaluation. The model of ecological capability should, in addition
to showing the limiting conditions, also express the climax and the peak capability of an
ecosystem to create a utilization in the current conditions. This climax condition, which
indicates the high capability of utilization, can be searched in its current condition. That is,
if a land use has been able to settle well in the land, the possibilities and conditions of its
climax have existed, and the model should be able to recognize it. This research showed
that the proposed geometric mean model derived from the EMOLUP model [23,43] plays a
more appropriate location approach to determining climax conditions and also involves
limiting factors in land zoning.

In the EMOLUP geometric mean method, determining the evaluation criteria reduces
the effect of some criteria, such as soil, with more indicators, compared to other criteria,
such as topography, with fewer indicators (for example, two indicators). In this way, the
weight of both the soil and topography criteria is considered equivalent, which is not seen
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in prominent models, such as WLC. It is worth remembering that the proposed model
is also a type of multi-criteria evaluation (MCE) method. Also, by putting the number
zero in the equation, the ecological intervals that create a limit or hazard for the earth
(such as mountainous lands or with low water content) tend towards the wrong side with
the process of geometric multiplication. With this approach, the attitude that the fans of
maximum limitation have towards modeling and limiting factors is also taken into account.

It is worth mentioning that implementing the geometric mean evaluation method is
easier compared to the current conventional methods (which are more difficult to imple-
ment and have ambiguities for the evaluator), such as using Boolean methods based on
AND logic and the current WLC. In the current WLC, the evaluator needs to give weighting,
there is a possibility that the experts estimating the weight of the indicators may make
a calculation error; sometimes, there is a mistake in the standardization of the indicators
(determining the ecological range between zero and one), and these are challenging cases.
AHP is a broadly used weighting approach in WLC methods, and it was started by Saaty.
It is easily implemented as one of the WLC techniques [44–46]. Therefore, according to
the reasons mentioned and the high accuracy, and according to the equality of the kappa
coefficient of the geometric mean and the weighted arithmetic mean (WLC) methods with
the application of the limiting factor, the geometric mean is more convenient than this
method of evaluation. It has superiority and can be recommended for evaluating other
regions of the world. Some researchers, like Asadifard (2015) [47], Razaghi (2016) [48], and
Jokar et al. (2023) [49], compared the methods of the geometric mean and multi-criteria
evaluation in Iran. Their results showed the relative superiority of the geometric mean
method for the multi-criteria evaluation.

5. Conclusions

Land preparation should be performed with a coordinated approach to development
and environmental protection. Achieving this goal will lead to the sustainable development
of the environment with the approach of evaluating the ecological potential and choosing
the best option for the use of the land. The main goal of this research is to implement
the ecological model of urban, rural, and industrial development of Fasa County in the
southern part of Iran and to compare the proposed geometric mean method derived from
the EMOLUP model with the weighted index arithmetic mean (WLC) with and without
applying the limiting factor in the study area using GIS. The maps of land capability for
urban development were prepared. Finally, the best and easiest capability assessment map
was selected based on the geometric mean method derived from the EMOLUP model. It
is concluded that the proposed geometric mean method, due to the simplicity and high
accuracy of the calculations, has a significant contribution to increasing efficiency and
reducing the costs associated with the assessment of ecological capability. To effectively
implement urban and industrial development policies, it is imperative to concentrate on
regions with high and medium suitability, as indicated on the production map. It is essential
to avoid weak and unsuitable areas at all costs. However, it is worth noting that certain
areas may become suitable with the removal of restrictions. Overall, the study results can
be applied in land use planning in other regions with similar conditions. So, the results
of this research can be used by different managers and other stakeholders for proper land
use management.
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Abstract: The current global economic system undermines sustainability efforts such as green in-
frastructure and circularity, while jeopardizing social and environmental values in rich and poor
countries alike. These chronic failures stem in part from a poor understanding of an economy’s
structure. While many scientists view economic and ecological systems as homologous to one another
(i.e., similar structures and processes), an understanding of the foundational components of these
systems is lacking. A primary objective of this paper is to refine the understanding of those founda-
tional components, and their interactions. Dozens of ecological processes have functional equivalents
in economies, such as succession, evolution, symbiosis, and competition. The central hypothesis
here is that three components—diversity, energy, and trade (i.e., resource transfers)—constitute the
foundational components of self-regulating economies and ecosystems. A secondary hypothesis
is that the interaction of these components regionally, rather than at a global scale, is a limiting
factor to the long-term success of sustainability elements such as circularity, green infrastructure, and
others. This article evaluates diversity, energy, and trade relative to measures such as net productivity,
stability, resource-use efficiency, and biomass (i.e., capital) accumulation. In closing, the concept of
economic restoration is summarized, as informed by principles of ecological restoration.

Keywords: complexity theory; sustainability; green infrastructure; restoration; resilience; self-
reliance; energy neutrality; endogenous economy

1. Introduction

At the onset of the 2007 great recession, Simon Johnson of MIT faced a conference
of American economists and criticized the failure of existing economic models [1]. In the
process, he called upon a powerful analogy: significant progress in health and sanitation
came only after society had discovered the structure and inner workings of the human body,
and the nature of diseases that threaten it. We lack an equivalent understanding of our
economies. As capitalism has grown into a truly global system, monumental efforts have
been waged by dozens of nations, and countless individuals and organizations, aiming
to resolve our most important social, environmental, and economic challenges. Yet one-
quarter of the world’s population still suffers moderate to severe food insecurity [2], soil
fertility continues declining in essential food-growing regions [3–5], 70% of nations dispose
of over half of their waste into landfills [6], 89% of the world’s energy consumption is non-
renewable [7,8], social justice remains challenged, etc. Considering the lack of sustained
social and environmental progress over the past 100 years of global market expansion, we
must question if important social and environmental problems can be overcome without
first resolving the economic flaws responsible for their creation.

Dozens of ecological phenomena have functional equivalents in economies, such as
competition, succession, symbiosis, and evolution, while innumerable components exist
in both systems. This paper, though, explores the foundational components common to
ecosystems and economies. Foundational components, as defined herein, are those capable
of producing the greatest change from the slightest shifts, and are most responsible for
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maintaining the self-regulating nature of the system. To be considered foundational, a
component must function similarly in two or more homologous systems.

The objectives of this article are to define the foundational components of self-regulating
(i.e., sustainable) economies, and to examine the basic processes of economic restoration,
as inferred by ecological restoration. The terms self-regulating and sustainable are used
interchangeably herein, for a self-regulating economy cannot persist with activities that
degrade the social and environmental resources it requires for survival. Several hypotheses
are provided later, related to the boundary conditions of a sustainable economy, and the
interrelationship between diversity, energy, and trade.

1.1. Ecosystems and Economies as Homologous Self-Regulating Systems

In studying the structure and functioning of self-regulating systems (e.g., human be-
ings), such as developing a vaccine for polio, it is common to observe treatment responses
in homologous systems (e.g., monkeys). Herein, economies and ecosystems are considered
homologs; self-regulating systems with very high levels of complexity. A self-regulating sys-
tem is one capable of maintaining key functions and processes in the absence of intervention
(i.e., instructions) from beyond the system boundary.

Self-regulating systems exist from cells to ecosystems, where innumerable species
and individuals form a web of interconnections to ensure the system’s survival in the
face of disturbance. For instance, roots in a forest form networks with fungi to facilitate
information sharing between trees, so the forest may respond pre-emptively to an external
threat such as an insect outbreak [9]. Just as self-regulating ecosystems exist via the free (i.e.,
unregulated) interactions between consumers, producers, and decomposers, self-regulating
economies exist via the unregulated interactions between businesses and consumers across
all levels of production and consumption. Systems thinking is one means to examining
and understanding these complex homologs.

Systems thinking is a branch of science aimed at understanding the structures and
interactions of components within living and non-living systems [10–12]. These structures,
and the interactions of components, can be reflected in a system’s emergent properties, such
as an ecosystem’s ability to maintain a dynamic equilibrium: a relatively steady state in the
presence of outside forces [13,14]. In contrast, many modern economies require constant
manipulation of policies and laws, subsidies, bailouts, and other actions to maintain a
relatively steady state (i.e., stability), achieve acceptable levels of productivity, and social
and environmental assets, and provide other benefits in the face of external forces. That is,
these economies are not operating as self-regulating systems, and may in fact be trending
toward a state of instability.

Recent examples of instability under the current global economic structure include the
2020 social justice riots in the U.S., followed by the attack on the U.S. capital; the economic
collapse in Sri Lanka in 2019–2022; Argentina’s economic crisis of 2023; the global economic
turmoil following the Russia–Ukraine conflict of the 2022–present day; the Israel–Hamas
conflict of 2023; the mass exodus of migrants from developing to developed countries;
eleven unemployment spikes (i.e., >6%) in the U.S. since 1950; and the unprecedented rise
in cost of living globally. Meanwhile, great degrees of wealth have become concentrated
into fewer hands [15], a condition some believe threatens rather than ensures a steady
state [16,17].

1.2. The Structure of Sustainable (Self-Regulating) Economies

Classic definitions of sustainability focus on efforts that improve social, environmental,
and economic (i.e., industrial) conditions. This can include the recent circularity efforts,
with goals such as zero waste and 100% renewable energy. However, an understanding of
an economic structure that would naturally support sustainability, circularity, and related
goals is lacking.

The term highly functional is used herein to describe an economy that can sustain the
production and distribution of goods and services, without jeopardizing the social and
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environmental assets upon which it relies. This includes desired economic benefits such as
relatively stable employment, profitability, adequate real wages, and the ability to meet
basic consumer needs in the face of disturbances. That is, a highly functional economy is
relatively stable, a function of resistance and resilience [18,19]. Understanding the structure
of a highly functional economic system, though, requires us to look beyond unimportant
details [20], such as the system’s context. That context includes capital management
systems such as capitalism, often blamed for poorly functioning economies. However,
great resource inefficiencies, and degradation of social and environmental assets, have
arisen in capitalist, socialist, and communist systems alike, suggesting that a country’s
capital management system is not a prerequisite to a highly functional economy. A peculiar
phenomenon, though, has arisen over the evolution of global market capitalism. With each
novel system, the duration of each new system has shortened (Table 1). Throughout this
evolution, abundant social and environmental challenges have persisted, while the actual
structure of the economic system has remained obscured.

Table 1. Epochs of capitalism. Data from Arrighi [21] and Braudel [22], with duration indicating
years between signal crises. Signal crises occur in periods of comparatively stable governance.

Epoch of
Capitalism

Dominant State
Approximate Time

Period (AD)
Duration

(Years)

Mercantile City-states of Northern Italy (Genoa) 1340–1560 220
Mercantile Dutch 1560–1740 180
Classical Great Britain 1740–1870 130
Classical United States 1870–1930 60

Keynesian United States 1940–1970 30
Global Market ? 1970–? ?

1.2.1. Chronic Social and Environmental Challenges of the Current Economic Structure

The current epoch of global market capitalism (GMC) allows for levels of resource
consumption exceeding any previous epoch, corresponding with a litany of social and en-
vironmental degradation [16,23–25]. Degradation occurs in direct forms such as social and
environmental impacts, and indirect forms such as supply chain inefficiencies, where small
shifts in demand can produce an increasing magnitude of interruptions for manufacturing
and extractive industries at the opposite end [20].

As supply chains lengthen, or as the number of entities (i.e., links) in the chain increase,
inefficiencies arise with rising uncertainty and risk for producers and consumers. To buffer
against risks, producers and distributors accumulate safety stock, generating and storing
more products than what consumers demand. Safety stock translates not only to increased
financial costs of production, but increased energy and material waste. For instance, when
short-lived goods (e.g., bananas and fast fashion) become safety stock, much of the stock
becomes unsalable before reaching customers, leading to physical, energy, and financial
waste. Another example of supply chain inefficiency is U.S. consumers who purchase food
originating from an average of 1500 miles away [26], sixteen million tons of which are
wasted annually [27]. Hawaii is a notable example, which ships cattle 2000 miles to the
mainland for processing. The preferred shipping method is cargo planes [28], one of the
least energy-efficient means of transportation [29].

Uncertainty aside, consumers at the end of long supply chains often underestimate
the unintended social and environmental impacts of production and extraction at the
other end (i.e., externalities). Classic examples include water pollution caused by paper
manufacturing, or fertilizer run-off from industrial-scale agriculture. In 2023, a train
derailment in Ohio (U.S.A.) caused an unprecedented vinyl chloride spill, an externality
related to PVC pipe consumption [30]. Species extinction is another chronic externality, the
leading cause being economic activity [31].

Corporate or national systems intended to improve social, economic, and environ-
mental conditions, yet lack persistence, and thus are intrinsically unsustainable. A few
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examples are provided here. Victoria’s Secret’s corporate sustainability commitment states
“We strongly believe that the quality of our merchandise begins with the treatment of
the people who create our products [32]”. However, during Sri Lanka’s recent economic
collapse, Victoria’s Secret asked Sri Lanka’s largest textile supplier, Mass Holdings, to shift
production to their Bangladesh facility (a lower labor market), or cut costs in their Sri Lanka
facilities by 30% [33]. In Germany, decades of work to reduce their carbon footprint was
threatened when the country took steps to bring coal-powered plants back on-line [34].
In the U.S., decades of environmental protections were undone by a 2020 presidential
signature, then partially restored by a 2022 presidential signature, and weakened again
by the supreme court in 2023. Despite significant agriculture advancements in the 20th
century, 33 million acres of the U.S. Corn Belt have zero topsoil remaining [35]. These
persistent externalities, I posit, stem not from the form of capital management system (e.g.,
capitalism, socialism, or communism), but from the structure of one’s economic model.

1.2.2. Economic Structure as a Function of Foundational Components and Context

Past research has indicated that the structure of an economy or ecosystem is defined
by only energy flows [36–38]. While energy is certainly essential to the structure and func-
tioning of economies and ecosystems, the central hypothesis here is that three foundational
components—diversity, energy, and trade (i.e., resource transfers)—comprise the core
structure of economies and ecosystems. These components form predictable interactions
with one another, while being connected via feedback loops with an economy’s social-
environmental-industrial (SEI) context. An economy’s social context includes its cultural
values, models of governance, desired levels of productivity, etc. Its environmental context
includes soil fertility, precipitation, the quality of natural resources, etc. Whilst, its industrial
context includes technology, the quantity and connectivity of trade centers, infrastructure,
etc. The full structure of an economy is defined herein as the balance of its foundational
components—diversity, energy, and trade—in relation to the SEI context in which they
exist (Figure 1).

Figure 1. The structure of an economy consists of its foundational components—diversity, energy,
and trade—and its context. A few contextual factors are pictured in the outer ring, with chasing
arrows indicating feedback loops with the system’s foundational components.

One’s SEI context may be manipulated to the benefit of humans, their economies, and
the environments in which they exist. The Llanos region of Colombia is one example, where
human ingenuity (social context) has increased economic productivity and diversity [39].
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Another example is Salinas de Guaranda, Ecuador, whose social and industrial context
has been managed since the 1970s to increase the productive capacity and diversity of a
high-elevation Andean economy [40,41].

1.3. Relationships between Productivity Measures and Sustainability

Relationships between economic productivity measures and sustainability are indi-
rect but meaningful. Gross domestic product (GDP), for instance, does not account for
the degradation of social and environmental conditions that result from production and
extraction processes. Two productivity measures that do provide a more realistic account
of system degradation, due to their positive correlation with resource-use efficiency, are
productive capacity and net domestic production. A nation’s productive capacity reflects
its ability to produce goods and services in the future, and that capacity increases when
inputs are used more efficiently (e.g., a bushel of wheat produced with less nitrogen). Such
efficiencies are gained via the skill of labor, technology, political and economic stability, and
other factors.

A nation’s net domestic production (NDP) also rises with energy- and materials-use
efficiency. Akin to net primary production in ecosystems, an economy’s NDP accounts for
system maintenance, such as the depreciation of factories, roads, and other assets. However,
traditional NDP measures often fail to account for the degradation of natural resources that
accompany production processes, hence NDP overestimates productivity. For example,
restoring the 33 million acres of degraded farmland topsoil in the U.S. Corn Belt is estimated
at U.S. $1.2 trillion [42]. That expense was unaccounted for in the years that farm outputs
contributed to GDP. To more fully account for system maintenance, a measure of real NDP
is provided here: economic productivity after accounting for the depreciation of capital
assets, social assets, and ecological assets. NDP used herein represents this definition.

Indirect measures of NDP, such as valuing ecosystem services (e.g., clean water from a
forested watershed), attempt to reflect the environmental costs of production. A challenge
with many ecosystem service models is that they do not reflect natural supply–demand
dynamics. Instead, they rely on hypothetical markets to quantify the value of services such
as clean water, or the value of a species, etc. [43,44].

Real NDP must also account for the quantity of energy consumed in support of an
economy’s per capita productivity (Table 2). This measure reflects an economy’s ability
to maintain per capita productivity in a future of limited and/or uncertain energy sup-
plies. From this measure, Iceland ranks 2nd, Italy ranks 40th, and the U.S.A. ranks 65th.
Confounding variables certainly affect a nation’s per capita GDP on a unit energy basis.
For instance, Luxemburg has a sizable private banking industry, and Iceland harbors large
supplies of geothermal energy, relative to their populations.

Table 2. Per capita GDP on a unit energy basis. A partial list of countries is presented. Energy
consumption data are available for 72 countries.

Rank Country
Per Capita GDP on
Unit Energy Basis *

GDP per
Capita (USD)

GDP 2021
(Billion USD)

Population
2021

Avg Energy
Consumption **

1 Luxembourg 37,108 $133,590.15 $85.51 640,064 3.6
2 Iceland 13,746 $68,727.64 $25.60 372,520 5.0
3 Cyprus 8782 $22,832.46 $28.41 1,244,188 2.6
4 Ireland 6678 $100,172.16 $504.18 5,033,165 15.0
5 Latvia 5874 $21,148.16 $39.85 1,884,490 3.6
6 Estonia 4902 $27,943.70 $37.19 1,330,932 5.7
7 Slovenia 4577 $29,291.40 $61.75 2,108,079 6.4
8 Denmark 4250 $68,007.71 $398.30 5,856,733 16.0
9 Lithuania 3954 $23,723.34 $66.45 2,800,839 6.0
10 Switzerland 3593 $91,991.58 $800.64 8,703,405 25.6
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Table 2. Cont.

Rank Country
Per Capita GDP on
Unit Energy Basis *

GDP per
Capita (USD)

GDP 2021
(Billion USD)

Population
2021

Avg Energy
Consumption **

12 New Zealand 2439 $48,781.09 $249.89 5,122,600 20.0
13 Norway 2286 $89,154.30 $482.18 5,408,320 39.0
16 Finland 1937 $53,654.77 $297.30 5,541,017 27.7
19 Sweden 1212 $61,028.76 $635.66 10,415,811 50.3
20 Portugal 1135 $24,567.50 $253.66 10,325,147 21.6
22 Singapore 881 $72,794.02 $396.99 5,453,566 82.6
23 Belgium 844 $51,247.00 $594.10 11,592,952 60.7
24 Greece 804 $20,192.61 $214.87 10,641,221 25.1
26 Netherlands 754 $57,768.06 $1012.85 17,533,044 76.6
30 United Arab Emirates 509 $44,315.60 $415.02 9,365,145 87.1
31 Australia 464 $60,443.21 $1552.67 25,688,079 130.3
32 Sri Lanka 441 $4013.69 $88.93 22,156,000 9.1
36 Ecuador 328 $5965.14 $106.17 17,797,737 18.2
37 United Kingdom 284 $46,510.32 $3131.38 67,326,569 163.6
39 Spain 243 $30,103.50 $1427.38 47,415,750 123.8
40 Italy 239 $35,657.45 $2107.70 59,109,668 149.4
42 France 190 $43,658.98 $2957.88 67,749,632 229.8
43 Germany 174 $51,203.50 $4259.93 83,196,078 293.8
46 Canada 167 $51,988.03 $1988.34 38,246,108 310.8
49 Argentina 134 $10,636.11 $487.23 45,808,747 79.2
50 Malaysia 119 $11,109.26 $372.98 33,573,874 93.7
51 South Korea 117 $34,997.86 $1810.96 51,744,876 300.3
53 Japan 95 $39,312.68 $4940.88 125,681,593 412.0
55 Philippines 74 $3460.53 $394.09 113,880,328 46.9
57 Bangladesh 62 $2457.93 $416.27 169,356,251 39.5
58 Mexico 61 $10,045.69 $1272.84 126,705,138 164.7
62 Ukraine 54 $4568.92 $200.09 43,792,855 84.9
64 Vietnam 36 $3756.49 $366.14 97,468,029 103.2
65 United States 32 $70,248.69 $23,315.10 331,893,745 2172.0
66 Brazil 25 $7507.15 $1608.98 214,326,223 304.2
67 Indonesia 20 $4332.70 $1186.09 273,753,191 212.0
68 Russia 17 $12,400.06 $1778.78 143,449,286 747.5
71 China 3 $12,556.36 $17,734.10 1,412,360,000 3708.6
72 India 3 $2256.59 $3176.30 1,407,563,842 886.6

* Data from World Bank, Enerdata, and BP. Energy in Mtoe. GDP in USD (production approach); ** Average of
Enerdata and BP data, in Mtoe.

2. Materials and Methods

Evaluating concepts such as the foundational components of highly complex economies,
or the basic operational unit of an economy (i.e., boundary conditions) requires methods other
than traditional hypothesis testing. The methods herein are drawn from systems thinking,
in which theoretical concepts are used to explain and predict natural phenomena [45].
This includes general systems theory, which explores concepts such as system boundaries
and self-organization. For these reasons, an interpretive review was used, including the
extraction and synthesis of data from selected studies.

Data were evaluated using a crosscutting approach, where the reviewer evaluates
systemic patterns between two homologous systems [46]. Similar methods are used in
homologs such as monkeys and humans. For instance, Rhesus Macaque (Macaca mulatta)
was the homolog used to develop the polio vaccine for Homo sapiens [47]. Herein, economies
and ecosystems are presumed homologous, across which several classes of information
were compared: system subcomponents, theories, principles, processes, material and
energy flows, concepts, functions, and other factors. Data from aquatic systems were
excluded, as they differ fundamentally from terrestrial systems via energy flow and trophic
pathways [48]. To understand the relationship between energy and biological diversity,
this paper focused on a form of plant-available energy reported widely in the literature,
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which can be transferred across trophic levels: nitrogen, an energy metabolite from which
glucose and other energy compounds are formed.

The interpretive review of ecological and economic literature included semantic
scholar, PrimoSearch (i.e., a network of over 400 databases across economic and eco-
logical disciplines), Econ Papers (https://econpapers.repec.org, accessed on 28 June 2023),
and others. Relevant texts from prominent economists (e.g., David Ricardo, Adam Smith,
Karl Marx, John Maynard Keynes, Alan Greenspan, Joseph Schumpeter, Milton Friedman,
Joseph Stiglitz, Thomas Piketty, and Herman Daly), and from the career works of ecologists
and evolutionary biologists, were also evaluated.

3. Results and Discussion

Abundant literature exists on the interactions between energy and ecological diversity.
However, little research exists on the interactions between energy and economic diversity,
or trade and economic diversity. From this integrative review, three foundational compo-
nents appear to exist in both ecosystems and economies, forming equivalent interactions
regardless of the context in which they occur: diversity, energy, and trade. These compo-
nents, and their interactions, are summarized below, with more detail in Giordanengo [42].
Due to the natural interactions between diversity, energy, and trade, each section below will
integrate some relevant information from other foundational components as appropriate.

3.1. Diversity, and Its Influence on Ecological and Economic Systems

Biological diversity has many aspects, including the quantity and distribution of species
within a habitat, and the variety of habitats in an ecosystem. Economic diversity defined
herein is simply the quantity and distribution of businesses within an economy. Economic
diversity is evaluated here in terms of the economic and environmental benefits it imparts,
drawing upon equivalent benefits in ecosystems. For example, ecosystems with greater
plant diversity are capable of harnessing more energy from a given environment, and
generating higher net productivity, compared to less diverse systems [19,36,37,49–54].
Diverse plant communities not only support a high diversity of insects, for instance, but a
greater biomass of insects [55–57], from which a greater abundance of insectivores may be
sustained, etc.

Research on the relationship between economic diversity and energy is sparse. Paul
Templet compared national economic diversity data with the annual energy throughput of
twelve countries, concluding that a positive correlation exists between economic diversity
and energy-use efficiency [58]. One example of the diversity–efficiency relationship is the
excess waste heat and other byproducts generated by lumber mills, which may be used
to warm nearby buildings or generate biomethanol. In one Alaska (U.S.A.) community,
the energy gained from a nearby mill’s waste heat saved an estimated U.S. $91,500 per
year [59]. At a mill in Bellemont, Arizona (U.S.A.), selective logging and milling operations
produce five residual products for regional consumers, including two forms of biomass
fuel [60], in part supplying Novo Power, a 27 MW biomass powerplant in northern Arizona.
These specific efficiencies do not occur in an economy without a mill.

Waste heat is produced by all manufacturing and resource extraction industries.
Hence, economies lacking those industries (i.e., consumption needs are met with goods
extracted or manufactured outside the economy) forgo a significant form of waste heat
to offset aggregate energy consumption. In the U.S., over 1500 trillion BTUs of waste
heat are available for recovery from manufacturing and mining industries annually [61].
As heating the average U.S. home consumes 75,000 BTUs of energy annually, about 20
billion homes could be supplied by industrial waste heat—more homes than exist on earth.
However, under the current global economic structure, industrial activities associated with
U.S. consumption are concentrated in relatively few and homogenized economic spaces
across the globe (i.e., diversity and trade components), often requiring exogenous energy
inputs (energy component) into those spaces. Additional exogenous energy is consumed
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to ship manufactured goods (trade and energy components) into economies with low
diversity in their manufacturing and resource extraction sectors.

In ecosystems and economies, more diverse systems are not only more energy efficient,
but also more stable than low-diversity systems [62–70]. While energy efficiency and
stability are directly related to high NDP and productive capacity, the relationship between
diversity and NDP is less direct. Diversity in an economy promotes innovation, via knowl-
edge and technology spillovers across sectors [71,72]. Innovation has long been recognized
as a key mechanism in productivity gains, which stimulates economic growth [73].

Some economic research does show a positive correlation between diversity and eco-
nomic productivity [58,74], though further research is needed. In ecosystems, a positive
correlation between diversity and productivity is well known, summarized by the interme-
diate disturbance hypothesis [75], and to be discussed later. In economics, confounding
variables in the diversity–productivity relationship arise when studies account for gross
productivity, not NDP, or when they are limited in their temporal and spatial analysis,
fail to use per capita GDP on a unit energy basis, or compare results across varying SEI
contexts, each with a unique productive potential. A more fundamental concern is a lack
of accounting for the multiple forms of diversity that exist in economies and ecosystems.
Eight forms of economic diversity are described in Giordanengo [42], of which seven with
functional equivalents in ecosystems. Five are described here.

3.1.1. Richness and Evenness

One of the most basic measures of biodiversity is the number of species present in an
area, what ecologists refer to as species richness. When richness is evaluated in conjunction
with the relative “dominance” of each species in the system (i.e., evenness), a measure of
species diversity is provided. For instance, a meadow with a hundred species of plants is
more diverse than a meadow with ten, assuming each species contributes equally to the
biomass (i.e., capital) of the system. Species diversity is quantified by Shannon’s Diversity
Index [76] and other indices. Similar indices are used to measure economic diversity, only
with businesses taking the place of species.

3.1.2. Functional Diversity

Every species is part of a functional group, such as producers (e.g., plants), consumers
(e.g., herbivores), or decomposers (e.g., fungi), referred to as trophic levels in ecology.
Functional Diversity is simply a diversity of trophic levels, and is a driver of other forms
of diversity [77,78]. Systems with high functional diversity are also capable of producing
more total biomass [79], as they contain a greater diversity of food chains.

In an economy, functional diversity increases when it harbors, for instance, a network
of farms, mills, retailers, steel manufacturers, high tech, and recycled material processors.
Economists simply use different nomenclature than ecologists, such as sectors, industry
groups, and industries, in production-based hierarchies like the Nomenclature des Activités
Économiques dans la Communauté Européenne (NACE), or the North American Industry
Classification System (NAICS). A single-function economy, such as one in which only
apples are sold, has very low functional diversity. On the contrary, an economy with a high
degree of functional diversity (e.g., many sectors exist) has the potential to increase the
diversity of various industry groups, each harboring multiple industries, of which each
houses at least one business. In highly complex self-regulating systems, it is uncommon for
a given functional group to be represented by just one business, or just one species.

3.1.3. Functional Redundancy

Within a given functional group, such as insectivorous birds, multiple species often
exist (e.g., nuthatches, chickadees, and juncos), each contributing to functional redundancy
within the group. Should the population of one species decline, other species can fill the
void. In a review of 423 research articles, Biggs et al. [80] found that higher levels of func-
tional redundancy were correlated with higher levels of ecosystem resilience and stability.
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Economies are similarly diversified when multiple businesses exist to, for instance,
manufacture or install wind turbines, or when multiple industries exist to generate elec-
tricity (e.g., biomethanol, hydro-electric, or solar). Should one industry falter (e.g., solar),
other energy systems remain to meet demand. The American auto industry is an example
of low functional redundancy. The industry became dominated by just three companies in
the 1980s, then collapsed in response to a variety of external forces [81].

3.1.4. Regional Diversity

Biological diversity also exists at a landscape scale [82]—regional diversity—when multi-
ple habitat patches exist in an ecological space, each shaped by differences in soils, moisture
gradients, and other factors [83,84]. Patches are further diversified by disturbances that
allow a variety of successional communities to exist there. Each successional community
exhibits a unique species assemblage, reflecting the amount of time since the disturbance
occurred (e.g., a fire occurred there 10 years ago) and the severity of the disturbance that
occurred (e.g., a low-severity fire). This disturbance–diversity process is documented well
by Beever [85], and regional patch diversity is a multiplier of other forms of diversity [86].
Regional diversity also exists in economies that harbor a patchwork of cities, farm commu-
nities, centers of wood production or metal recycling, energy production, and various retail
centers. Based on the nature of regional diversity in ecosystems, we might expect regional
diversity in an economy to be a multiplier of other forms of economic diversity.

Despite the benefits, diversity cannot simply be added to an economy, without con-
sidering its interactions with other foundational components. Evidence from economics
and ecology indicates, however, that diversity may be stimulated (or suppressed) by the
management of trade and energy.

3.2. Relationships between Energy and Diversity

Energy is referred to here in terms of the forms cycled within an ecosystem, such as
carbohydrates (i.e., biochemical energy), or an economy, such as solar power, biogas, and
coal. Economists refer to these “usable” energy forms as primary energy, used in energy
balance equations [87]. How energy flows through economies and ecosystems affects
system diversity. Diversity, in return, has an impact on energy-use efficiency.

In ecosystems, energy is often studied with respect to its flows through trophic levels
(i.e., producer and consumer levels in a biomass pyramid). At every trophic level, energy
is lost in support of growth and metabolism [37,88]. In the ecological literature [36,53],
and limited economic literature [58,89], more diverse systems are reported to capture a
greater quantity of energy than less diverse systems. In other words, with a fixed quantity
of energy, more diverse systems support a greater level of net productivity.

While research on energy flows in economies is found in the work of Alfred Lotka [90,91],
Bruce Hannon [37], Amory Lovins [92], and others, studies on the interaction between energy
flows (i.e., exogenous vs. endogenous energy) and economic diversity are absent. In ecosys-
tems, the moment primary producers transform sunlight into biochemical energy, energy
becomes endogenous to the system. Endogenous energy is defined herein as energy con-
sumed in the same ecological or economic space in which it is produced. To be endogenous,
energy must also be produced by extant entities.

Consumers in terrestrial ecosystems obtain nearly 100% of their biochemical energy
from endogenous sources. Species in each trophic level (e.g., lion) obtain energy only
from the level below (e.g., gazelle), which obtains energy only from primary producers
(e.g., plants). The system’s biochemical energy is limited by the quantity of incoming solar
radiation, which varies across the globe. That is, photosynthetically active radiation (PAR)
is part of an ecosystem’s environmental context, and does not become endogenous until
converted to biochemical energy.

In economies, endogenous energy includes solar-generated electricity, hydropower,
biofuels, etc. In contrast to ecosystems, over 80% of the energy in national economies is
exogenous, mostly in the form of fossil fuels. Exogenous energy is that which is produced
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in a different place than where it is consumed, or by entities that no longer exist. Fossil
fuels are one example, created hundreds of millions of years ago by extinct carboniferous
forests, and usually imported into an economy from thousands of miles away. Electricity
generated by wind turbines in Wyoming (U.S.A.), and then transported to New York
(U.S.A.), is also exogenous to New York’s economy. Imported agricultural products (e.g.,
cattle, grains, and fruits) also represent exogenous energy, in the form of carbohydrates
and other embodied energy.

In some cases, exogenous energy can diminish an economy’s capacity to produce
endogenous energy. Sri Lanka, with very few fossil fuel reserves, has operated as a net
energy importer for over 50 years. Today, about 25% of its GDP is expended on imported
fossil fuels [93], contributing to high trade imbalance and other financial imbalances [94].
In an interview with Shihan Diddeniya in 2023, I was informed that Sri Lanka has enough
renewable energy potential in wind, solar, hydroelectric, and biomass to supply over 100%
of its total energy needs [95]. However, following its 2019 economic crash, Sri Lanka’s
capacity to develop these endogenous energy resources has diminished [96].

The terms exogenous and endogenous apply also to material resources such as protein,
steel, and water. For instance, nitrogen is cycled between the atmosphere and the biosphere
continuously, but does not become endogenous to an ecosystem until fungi and bacteria
convert N2 into plant-available forms such as ammonium, an energy metabolite [97]. Once
assimilated by the biotic system, nitrogen, biochemical energy, and other resources are then
available to be cycled across trophic levels within a food web.

3.2.1. Interactions between Exogenous Energy and System Diversity

Regions of earth receiving higher PAR tend to have higher biological diversity, as
PAR peaks at the equator and diminishes toward the poles. This includes research by
Wright [98] on 24 islands across the globe, noting that larger islands near the equator are
richer in plants and birds than those toward the poles. At the surface, this appears to infer
a positive correlation between energy and diversity. However, at least two confounding
variables must be considered. The diversity gradient from the equator to the poles is more
closely related to precipitation patterns than PAR [99]. Second, equatorial ecosystems
were minimally impacted by the most recent glaciation events, compared to ecosystems
nearer to the poles. The Laurentide ice sheet, for example, eliminated a wide range of plant
communities from vast tracts of North America for thousands of years.

PAR is simply part of an economic or ecological context that becomes endogenous
energy that can then be transferred across trophic levels within a specific context. Of
interest here is the influence of cross-boundary transfers (e.g., between two economies, or
between two ecosystems) of primary or biochemical energy on system diversity, regardless
of the system’s context.

Results from over 190 studies across the globe indicate that transfers of plant-available
nitrogen (i.e., an energy metabolite) into an ecosystem are correlated with decreased plant
community diversity [100,101]. Though economic studies on the relationship between
exogenous energy and diversity are lacking, some trends are evident. Over the past
120 years, an exponential rise in exogenous energy consumption has occurred in the U.S.
(Figure 2), a trend seen in many industrialized economies [29]. Diversity data from U.S.
agriculture and manufacturing over this same period are presented below.

Agriculture: The 120-year rise in exogenous energy coincides with the extinction of
over five million farm businesses [102]. One example comes from Oakdale in northeast
Nebraska (U.S.A.), dominated today by corn (Figure 3). In the 1870s, Oakdale’s economy
exhibited high regional diversity, richness, and functional redundancy: dozens of different
crops, barber shops, mercantilists, doctors’ offices, manufacturers, etc. [103]. Trees—not
children—were growing up through the playground equipment when I visited Oakdale in
2011. In 2020, “no entry” signs were posted at the entrances of schools and churches, and
20% of the population lived in poverty [104].

101



Land 2023, 12, 2044

Besides the social and economic degradation in Oakdale, its homogenous agricul-
tural landscape is more prone to external forces, such as those that produced the Potato
Famine [105,106], the U.S. Dust Bowl, the 1970s southern corn leaf blight, etc. Addition-
ally, future climate scenarios predict that the corn belt will experience additional stressors
including increased heat stress, higher peak floods, and longer growing seasons [107].
Concurrently, US farmers are expected to experience rising costs of exogenous inputs and
declining profitability [108], impairing their ability to address future stressors.

 

Figure 2. Energy consumption in the United States of America, from 1776 to 2020. Source: EIA,
public domain [109].

 

Figure 3. Monoculture of corn near Oakdale, Nebraska, U.S.A.

Manufacturing: Over one hundred automobile manufacturers existed in the U.S. in the
1920s [110]. By the early 1950s, the consolidation of auto manufacturing around Detroit,
MI, made this metropolis one of America’s wealthiest cities [111], its prosperity hinging
on the success of a single industry. In that same decade, competition began rising from
Europe and Asia, while America’s involvement in the Korean War redirected steel supplies
and labor away from Detroit [112]. By 1980, the U.S. auto industry was dominated by three
companies [83], with low richness. By the late 1990s, Detroit was described as the U.S.
murder capital, with half of its real estate abandoned.

Other extinctions occurred in U.S. manufacturing in the past 120 years, with the
decline in business richness estimated at 70%, on a per capita basis [42]. This amounts to a
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loss of about 700,000 businesses, including an estimated 318,000 bakeries, over 500 wood
and paper mills, 100s of textile mills, and 100s of grain mills.

Though the inaccuracy and incompleteness of historical economics data make statisti-
cally robust analyses difficult, a correlation between diversity and exogenous energy does
appear likely. For instance, exogenous energy transfers into the U.S. economy remained
low between 1849 and 1899, relative to the total energy consumed, and manufacturing
diversity climbed from 530 to 672 businesses per 1000 citizens [113]. This increase occurred
despite the decade-long global economic recession of the 1890s. As exogenous energy
consumption increased between 1900 and 1929, manufacturing diversity declined from 291
to 191 businesses per 1000 citizens. The difference in the magnitude of diversity gains and
losses reflects a shift in the definition of “manufacturer” at the turn of the 20th century. The
exogenous:endogenous energy ratio has continued rising since the 1930s Great Depression,
with commensurate declines in the diversity of manufacturing and agricultural industries.

3.2.2. Challenges in Quantifying Economic Diversity

The lack of historical business diversity data [114] is one challenge to quantifying
diversity over time. For instance, non-commercial home bakeries and artisan workshops
of the 1800s were unrecorded in U.S. census data. Further, business data collected in the
1800s were biased toward specific industries, or toward urban areas where significant
economic activity occurred, therefore underreporting diversity at regional scales. Other
complications arise via variations in industrial classification systems over time. NACE did
not exist until 1970, and NAICS was not adopted until 1997 [115]. As these classification
systems evolved, so did definitions of “industry” and other basic measures.

Diversity measures like Shannon’s Diversity Index provide another limitation, as they
account for only two aspects of diversity, and suffer some statistical limitations [18,69].
The more recent Economic Complexity Index suffers similar limitations, and accounts for
only the diversity of export-based industries [116]. Economic diversity data also ignore
regional diversity patterns, and often aggregate data at the county and industry level. As a
result, such studies report lower diversity in rural agricultural areas than in metropolitan
areas within the same region, and can under-represent functional redundancy and regional
diversity. Other limitations include the relatively short periods of economic diversity
studies (e.g., 1–3 decades), or they compare regional diversity to a national benchmark,
regardless if that benchmark has declined. Complications also arise from the fact that new
industries have arisen over time.

3.2.3. Quantifying Net Changes in Economic Diversity

Considering the above limitations, we might ask if net economic diversity (i.e., the
difference between gains and losses) actually increased in the U.S. over time, not decreased.
For instance, thousands of new businesses have emerged in high technology, services, and
others over the past century, offsetting diversity losses in manufacturing and agriculture.
At the same time, new entrants in high tech (e.g., Google, Amazon, Microsoft) have
followed similar diversity patterns as in manufacturing and agricultural: a tendency toward
homogenization. The retail industry exhibits similar patterns, as “Big box” stores (e.g.,
Target, Walmart, Home Depot) have displaced thousands of businesses in some countries,
and franchises such as McDonalds (37,000 storefronts globally) produce direct and indirect
impacts on diversity. When standards of operation are controlled by a single entity, the
tendency is for franchisees—or chains—to source tomatoes, buns, and beef from large
homogenized manufacturers, placing downward pressure on diversity in agriculture and
food processing. In the U.S., 773,000 franchises exist [117], half of which are in food service.

To gain a fuller understanding of diversity, and to better quantify diversity changes
over time, more comprehensive measures are needed. Those measures must integrate
not only richness and evenness, but functional redundancy, matrix diversity, and other
diversity elements into a value that reflects system-wide diversity.
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3.2.4. Relationships between Technology and Economic Diversity

Several other variables were evaluated as possible drivers of economic diversity in
Giordanengo [42], including technology, one element of an economy’s SEI context. For
example, abundant technological advances occurred during the Industrial Revolution, such
as steam power, often attributed to the homogenization of manufacturing and agricul-
ture [118]. We might conclude, then, that technology (not energy) was the cause of economic
diversity declines in that period. However, steam power was invented six centuries earlier
in Greece [119]. Not until great quantities of dense energy were discovered (e.g., coal
in England) did the productive potential of steam engines become realized [29,118]. It
was the coal-powered steam engine that allowed the industry to manufacture larger and
more precise equipment, including high-pressure boilers, a limiting factor to larger steam-
powered generators [22,120]. Large-scale generators were essential to the mass production
of larger machinery such as tractors and trains, which further stimulated homogenization
in affected industries.

Considering the interactions between energy and diversity in both economies and
ecosystems, this hypothesis is proposed: exogenous energy transfers into self-regulating
ecosystems and economies, causing a reduction in diversity in those systems.

3.3. Trade (i.e., Resource Transfers) in Economies and Ecosystems

In ecosystems, resources such as fat, micronutrients, and protein begin their transfer
to higher trophic levels when plants convert sunlight, CO2, and water into biochemical
energy. A notable difference between resource transfers in modern economies and in
ecosystems is the origin of resources being cycled through each system. Nearly 100% of
the biomass consumed and cycled within an ecosystem is produced within the system—it
is endogenous, a product of primary production. In other words, the further one travels
from a given habitat patch (e.g., Mediterranean scrub community in Liguria, IT), the less
likely they are to encounter energy and other resources from that community. That is, the
degree of resource transfers between trophic levels within an ecosystem is far greater than
the resource transfers across ecosystem boundaries.

The opposite condition occurs in most modern economies. As one travels from
national to local centers of consumption—nation, region, town, or home—they are more
likely to encounter resources from other towns, regions, and nations. From U.S. Census
Bureau import–export data, about 32% of goods consumed in the U.S. are imported, based
on dollar value [42]. However, because most U.S. exports are of high value (e.g., spacecraft,
airplanes), relative to imports (e.g., dolls, cookware), the quantity of imported goods is
higher than 32%. In most U.S. regions, the percentage of imported goods is estimated at
60%, while many urban areas import closer to 99% of physical goods [42]. Similar trends
exist globally, as the portion of global GDP attributed to foreign trade has increased from
36% in 1979 to 60% in 2019 [120]. This coincides with an approximate 100% increase in
energy consumption [29].

Historically, economists have partitioned trade into three segments: domestic, foreign,
and carrying [121,122]. The domestic economy (i.e., home trade) is the transfer of goods
and services within a nation, which was the dominant form of trade through the 18th
century [123]. Foreign trade is the transfer of goods and services across national borders. A
limiting factor to foreign trade before the 18th century was fossil fuels, which were needed
to increase the efficiency of long-distance transportation [29]. The carrying trade (i.e., carry
trade) is the most nebulous echelon of global market capitalism, and includes multiple
financial mechanisms used to facilitate foreign trade.

Adam Smith posited that the strength of a nation’s domestic trade—not its foreign
or carrying trade—forms the basis of its wealth [122]. That foundation, he argued, is
sustained by a country’s manufacturing and resource extraction sectors. A conceptual
representation of Smith’s trade paradigm, similar to the biomass pyramid of ecosystems, is
the balanced trade pyramid (Figure 4). The majority of trade is domestic, and over fifty
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percent of domestic production is generated by agriculture, manufacturing, and other
“productive” industries.

Figure 4. Balanced trade pyramid. The relative contribution of the domestic, foreign, and carrying
trades in an economy. Relative GDP of various sectors within the domestic economy.

Today, U.S. agricultural and other extractive industries comprise less than 4% of
GDP, and manufacturing contributes 11% of GDP [124,125]. Over 70% of GDP is derived
from services, finance, IT, and other non-productive industries. Conceptually, the U.S.
trade condition has shifted from a pyramid to a hot air balloon over the past 120 years
(Figure 5). Carrying and foreign trades dominate the top two-thirds of the balloon. The
service and knowledge sectors fill a greater volume of the domestic trade, sustained not
by the productive labor of the U.S., but that of other countries. The balloon, conceptually,
remains aloft by exogenous energy, the carrying trade, and imported products.

Figure 5. Trade balloon, representing the current U.S. economy. Balloon by Pixabay, public access.
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3.4. Interactions between Diversity, Energy, and Trade

From this interpretive review, it appears diversity, energy, and trade form similar
interactions in ecosystems and economies. Highly diverse systems are capable of extracting
more energy and material resources from a given space, compared to low-diversity systems.
However, transfers of energy and material resources into an economic or ecological space
place downward pressure on diversity. In economies, a direct relationship exists between
energy and cross-boundary trade. For instance, the use of oil in shipping resulted in a
10-fold increase in the size of cargo ships between 1871 and 1914, compared with cargo
ships running coal, a lower energy-dense material [29], or those powered by wind. In
turn, goods could be shipped more cheaply, increasing foreign trade profits, which were
invested into greater scales of production, putting downward pressure on diversity in
affected nations and industries.

3.4.1. Financial Resource Transfers, Homogenization, and Economic Productivity

Resource transfers are also facilitated by financial transfers such as loans, bailouts,
and subsidies, which tend to perpetuate large homogenized industries. Hence, financial
resources are also categorized as exogenous or endogenous, depending on their origin.
Exogenous financial transfers can have impacts on the productive capacity and productivity
of entire nations. The MOSES economic model of Sweden, for instance, revealed that regular
government subsidies in specific industries in the early 1990s propped up large-scale
businesses such as shipyards, which were utilizing obsolete equipment and production
processes [126]. The result was to sustain low-performing businesses, which may have
contributed to Sweden’s economic recession in the mid-1990s.

A similar trend is evident in the U.S., where productivity growth has remained rel-
atively flat between 1970 and 2022 [127], a period coinciding with high rates of financial
transfers into the U.S. economy, agricultural subsidies of over U.S. $90 billion [128], and
government bailouts of large homogenized industries such as pork producers [129], au-
tomobile manufacturers, and banks. This 52-year period also experienced increasing U.S.
foreign trade and a sharp decline in manufacturing sector diversity. Economists of the ’90s
hypothesized that out-of-work laborers would get retrained and find jobs in the service
sector or tech industry. Instead, a series of unfortunate economic events unfolded, dubbed
the China Shock [130]. This included wage decline, drug and alcohol abuse, deflated
housing prices, and lower tax revenues for municipalities. The impacts on unemployment
and wage growth stem in part from the fact that the “economic footprint” of manufacturing
is high, with each employee generating about seven indirect jobs [131]. For perspective,
each service sector creates about 1.1 indirect jobs for each direct service job.

Over this same period, exporting nations such as Asia, Central America, and Sri
Lanka homogenized their industries, amassing several risks. Their risks include the
following: increased costs of labor, land, and other factors of production, which degrades
their comparative advantage globally; low-cost exporters run the risk of tariffs, subsidies,
or other counter tactics waged by importing countries to protect their industries; or global
market contractions occur, rendering export-based industries “overbuilt” for their domestic
markets. A combination of these risks struck Sri Lanka between 2019 and 2022, including
MAS Holdings, their largest apparel manufacturer. Following Victoria’s Secret’s demand
that MAS Holdings cut production costs steeply, MAS Holdings’ best option was to increase
output at their Bangladesh facility, reducing demand for Sri Lankan labor [33]. Similar
cycles of industrial homogenization, boom, and bust have repeated across seven centuries
of capitalist history [21], including 100 market crashes between 1985 and 2014 [132]. A
connection between foreign trade and socio-economic instability was documented as far
back as the late Bronze Age collapse [133].

In summary, this hypothesis is provided: an exogenous resource that transfers into
or out of an economic space exerts downward pressure on economic diversity, with com-
mensurate decreases in resistance and resilience to disturbance in affected industries
and regions.
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3.4.2. The Friction between Trade and Energy: The Case of New Belgium Brewing

New Belgium Brewing (NBB) is the seventh-largest brewery in the U.S., exporting
tasty libations across the nation. A notable leader in sustainability, NBB has made in-
credible strides in alternative energy, including on-site photovoltaics, anaerobic digestion
to convert organic waste to biogas, and novel energy efficiency programs [134]. As a
result, their plant in Fort Collins, CO, meets 12% of its electricity demands with on-site
generation. The remaining electricity needs are supplied by wind farms in Wyoming,
U.S.A. [135], beyond state lines. Despite great efforts, about 88% of NBB energy consump-
tion remains exogenous.

The NBB energy challenge is faced by countless manufacturers scaled to meet national
or global consumer needs. They consume a quantity of energy that cannot be met with on-
site—or even regional—endogenous energy sources. To survive, large-scale manufacturers
must concentrate energy from sources far beyond their production facilities, so that water,
glass, hops, and other inputs can be converted into export products. Certainly, some
large-scale production facilities can produce a unit of beer, or other products, with less
energy than a small-scale producer. However, such efficiencies are often outweighed by
the energy required to ship a bottle of beer in refrigerated trucks from Fort Collins to, say,
San Francisco. A socio-economic solution to the NBB case is offered in Giordanengo [42].

3.5. A Systems-Level Hypothesis

In summary, this systems-level hypothesis is provided: diversity, energy, and trade
constitute the foundational components of an economy that, when interacting freely at a
regional scale, confer a relatively stable state to an economy (i.e., relatively high resilience
and resistance to disturbance). As energy and material resource transfers into or out of
a regional system increase, multiple forms of diversity decline, conferring lower stability
to the economy. The threshold of material and energy transfers, beyond which diversity
declines, varies depending on one’s SEI context.

3.6. The Basic Operational Unit of the Global Market Economy

Understanding an economy’s foundational components, and their interactions, re-
quires the appropriate boundary condition (i.e., the basic operational unit) to be defined. The
appropriate boundary condition also depends on the complexity of the system in question.
Basic operational units include organ systems, individuals (e.g., Adam Smith), and popula-
tions (e.g., the people of Scotland). Each shire in Scotland is also a basic operational unit, as
is the Scottish economy, nested in the U.K. The basic operational unit of the global market
economy is defined herein as an economic region, similar to the concept of ecoregions.

In nature, two adjacent ecoregions persist as basic operational units (Figure 6). Though
wind and wildlife transmit pollen and seeds across ecological boundaries, and animals
migrate freely across them, resulting in the exchange of genetic information, the species
composition and structure of each forest remain distinct. Resource transfers within each
ecoregion are greater than resource transfers between ecoregions.

Restoration ecologists recognize that ecosystems cannot persist at very small scales
(e.g., one acre of prairie). Similarly, most economies cannot persist at scales as small as a
single city, and maintain their self-regulating qualities. There are ecological and economic
reasons for this. In a restored tallgrass prairie, for instance, the disturbance patterns
and plant–animal interactions required to maintain a self-regulating ecosystem occur at
scales larger than one acre. There is also a relationship between area and diversity, as
richness increases in correlation with area [86], and then levels off as the sampling area
increases [136]: the species–area curve.

In economics, besides the diversity factors, theories such as comparative advantage [137]
also inform why a modern economy must operate at a scale greater than a city [42]. When
an economy is large enough (e.g., several cities and counties), it can harbor multiple
businesses, competing and collaborating within the economic space to gain efficiencies via
unique (i.e., context-specific) compositions of skills, materials, and technology.
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Figure 6. Adjacent level III ecoregions in NW California (U.S.A.): Coastal Range (redwood forest)
and Klamath Mountains (mixed evergreen forest). The quantity of resource transfers within each
system is far greater than the transfers between systems. Spatial data from Omernik [138].

For example, a high diversity of U.S. paper companies that existed in the Mid-
west in the 1800s developed means to convert recycled rags and straw to produce low-
cost newsprint for regional and national consumers while yielding resource-use efficien-
cies [139]. As U.S. policies—Bretton Woods Agreement, Washington Consensus, etc.—
shifted in favor of imported paper and other wood products from different SEI contexts
(e.g., Canada and Mexico) in the 20th century, hundreds of U.S. wood and paper mill
extinctions occurred. Today, the U.S. paper industry struggles to survive [139], in many
cases requiring subsidies to exist. This is not to say the theory of comparative advantage is
invalid. Rather, the theory may be most valid, and minimize exploitative tendencies, when
applied within the correct boundary condition: regional scales, not global scales.

Another example comes from Salinas de Guaranda in the Andes mountains of Ecuador,
where salt mining dominated the economy through the 1960s, primarily serving export
markets; economic diversity was low. In the 1970s, Salinas de Guaranda began strengthen-
ing trade ties among twenty-four communities encompassing multiple provinces, raising
their productive capacity. Today, cooperation, competition, and comparative advantage all
operate in this region, which produces over 250 “Salinerito” products for only regional and
national markets [41].

4. Conclusions

Many nations, regions, and cities dependent on the global marketplace can support
high levels of consumption by importing relatively cheap products from different SEI
contexts (trade component), facilitated by large quantities of low-cost fossil fuels (en-
ergy component). Such a model can generate financial efficiencies, but at the expense
of resource-use efficiencies (e.g., waste heat and material waste), and the degradation
of other system components (e.g., diversity, social conditions, or soil fertility). This can
diminish a nation’s or region’s NDP and productive capacity, while causing an imbalance
of foundational components.
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The more unbalanced an economy’s structure, the more amplified are the external
forces acting on it over time, requiring more maintenance. This translates to more capital
being allocated to combat graft, corruption, social unrest, environmental degradation,
climate change, etc. That same capital is unavailable to sustain or restore an economy’s pro-
ductive capacity and net domestic productivity, or to provide other social, environmental,
or economic benefits. Such an economy is poorly functioning, less capable of sustaining
the needs of its chief beneficiaries, humans, while threatening their chief benefactor, na-
ture. Restoring our economies according to the rules of self-regulating ecosystems has
significant implications for green infrastructure, circularity, economic restoration, and other
sustainable efforts.

4.1. Implications for Green Infrastructure

A common goal of green infrastructure is to protect natural resources, and provide
various environmental, economic, and social benefits. This includes ecological restora-
tion [140]. Given the interwoven nature of the earth’s ecological and economic systems, and
of its rural and urban capital, green infrastructure must also include economic restoration:
restoring the balance of diversity, energy, and trade in regional economies. Two examples
follow. In forested regions of the world, selective logging is used to provide jobs and indus-
trial materials while improving water quality, contributing to carbon neutrality, reducing
the risk of catastrophic wildfires, etc. In Bellemont, Arizona (U.S.A.), the Restoration Forest
Products mill generates high-value dimensional timber (Figure 7) while yielding multiple
byproducts: two forms of biomass fuel, increased understory productivity for grazing
animals and pollinators, animal bedding, etc. The efficiencies gained contribute to the
region’s NDP and productive capacity, and integrate rural and urban capital. Critical for
such green infrastructure solutions, the Bellmont mill is profitable enough to attract ample
investment [58].

 

Figure 7. (Left): Restoration Forest Products mill in Bellemont, AZ. (Center): Primary revenue
provided by engineered wood, with secondary revenue from several byproducts. (Right): Understory
of thinned forest, increasing in blue grama (Bouteloua gracilis), a native grass with high protein, critical
for grazing animals in late summer.

On the contrary, in states like Colorado, felled trees from thinning projects are rarely
used for timber or to heat homes. Instead, logs are typically chipped on site or left in
piles to burn. Since the trade liberalization policies of the ’80s, decades of low-cost timber
imports from Canada and elsewhere, coupled with cheap fossil fuels to heat and power
buildings, have rendered Colorado’s timber industry unviable, with very low diversity.
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A second example comes from Sri Lanka, where a steep imbalance of payments
began building in the 1980s, associated with exorbitant debt, increased reliance on imports,
and other factors [98,141]. These imports included synthetic fertilizers, herbicides, and
pesticides. Following Sri Lanka’s 2019 economic implosion, coupled with a spike in the cost
of imported farm inputs, the nation’s export-based agricultural system crashed, alongside
textiles and other industries. Farmers stormed the presidential palace in July 2022, sparking
a global media frenzy pointing to President Rajapaksa’s organic agriculture mandate as the
root of the problem; the root, however, goes deeper.

Just as we gain insights into ecosystem structure and functions by observing the
system’s recovery following disturbance, I visited Sri Lanka in 2023 to interview organic
farmers, business owners, scientists, and economists, to observe economic recovery fol-
lowing collapse. Sri Lankan farmers today create nitrogen from six endogenous sources,
including four on-farm plant species. Endogenous fertilizers sustain not only tea plan-
tations and subsistence farmers [142], but also profitable vegetable markets [143]. Even
coconut farmers such as Gerard Gamini produce a wide range of products for regional and
global markets using endogenous chicken manure, far cheaper in 2023 than exogenous
fertilizers [144].

Structural diversity and richness in Sri Lankan agriculture are showcased by Ahinsa
Tea, which grows over 25 agronomic species on one shade-grown plantation [142]. The
plantation is located within the habitat buffer area of Sinharaja Forest Preserve, an IUCN
biodiversity hotspot. A key goal of Ahinsa Tea, according to its founder, Dr. Abeygunawar-
dana, is to increase sustainable economic use within the buffer, by developing biodiverse
organic tea plantations that sustain local farm families.

Like most economies, the Sri Lankan economy requires significant restoration efforts
to attain a self-regulating state, due to their trade and energy imbalances. A critical input to
the economy remains imported fossil fuels, totaling U.S. $5 billion in 2022, a GDP deduction.
The quantity of potential renewable energy sources (e.g., biofuels, solar, wind, hydroelectric)
in Sri Lanka is estimated to exceed the nation’s energy consumption [99]. However, some
believe that the finances needed to develop this endogenous energy potential would require
Sri Lanka to increase domestic trade while minimizing foreign trade, without amassing
substantial foreign debt [96,143].

4.2. Ecological Succession: Implications for Economic Restoration

Succession, a key process that informs ecological restoration designs, has been illumi-
nated by over a century of research [54,145–150]. Ecological succession is the change in plant
community composition and structure over time, in response to disturbance. Disturbances
such as a severe wildfire can destroy every tree in a forest, obliterating ecological niches
while transforming topsoil to ash (Figure 8).

Relevant to economics, a relationship exists between productivity, diversity, and
succession. During the early successional stages after wildfire, pioneer species such as
annual grasses and forbs generate the bulk of productivity. As succession progresses,
slower-growing species begin flourishing as the web of diversity becomes interlaced and
tightened. Decades pass, and late successional plants begin to define the community,
including mature shrubs and trees. Absent another wildfire, a very dense forest may
develop. The economic equivalent of a very late successional stage would be an industry
dominated by few large businesses. In the late stage, resources remain “locked up”, largely
unavailable to faster-growing species (or businesses). Inevitably, disturbances such as
fire—or a major supply chain disruption—do arise, liberating resources for pioneer entities,
and the succession cycle repeats.

Changes in diversity and productivity are not ever increasing over time, with a peak
in the late-successional stage. Instead, a peak in biodiversity and net productivity tends to
occur in mid-successional stages [52,54,151–153], shown conceptually in Figure 9. This phe-
nomenon is known as the intermediate disturbance hypothesis (IDH), originally proposed
by Connell [75]. In mid-successional stages, community structure and composition are
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shaped by smaller disturbances such as blowdowns of individual trees, insect outbreaks, or
minor ground fires, liberating resources for other species. The increase in diversity raises
the system’s capacity to capture resources, contributing to greater resource-use efficiency,
and hence higher net productivity.

 

Figure 8. Scorched forest and charred elk in the 2020 East Troublesome Fire (U.S.A.), which threatened
water supplies for the regionally important Colorado–Big Thompson Project.

Though economic succession studies are limited, disturbance–diversity–productivity
patterns similar to those observed in ecosystems are evident. In economies, disturbances
that shift the system from late- to mid- or early-successional stages drive the process of
creative destruction described by Joseph Schumpeter [154]. However, the connection
between disturbance, creative destruction, and productivity is indirect. When disturbance
strikes (e.g., recessions, industry shake-ups, or disruptive technologies), outdated business
structures and processes are replaced by new business entrants and processes, which
tend to yield higher rates of innovation [155–157]. Because some of the older business
structures do prevail after a disturbance, the addition of new businesses can result in a rise
in aggregate diversity. Hence, peak diversity co-occurs with high rates of innovation, which
drives productivity gains, a basic requirement for economic growth. Other correlations
between diversity and productivity were described earlier.

Countering the process of creative destruction, government programs and policies such
as subsidies, bailouts, and loan programs, together with globally-oriented energy and trade
policies, tend to homogenize economic landscapes, reinforcing a late successional condition.

In ecology, exceptions to the IDH are summarized by Huston [78] and Hodapp et al. [79].
Relevant to foundational components, Huston noted an ecological exception that has a func-
tional equivalent in economics: when exogenous resources are transferred into the system.
Other ecological exceptions include studies that include just one or two taxa (e.g., just upper
canopy trees, or just ungulates), or are limited in their spatial or temporal scales [78,158].
Further, ecosystem management decisions such as wildfire suppression can also influence
succession processes, producing very late successional communities whose biomass ac-
cumulation rates are lower than in previous stages (e.g., slower-growing trees, increased
surface accumulation of wood, greater soil organic matter storage, etc.). Lacking ade-
quate disturbance, ecosystems can cross a threshold of biomass (i.e., capital) accumulation,
where diversity and net productivity begin declining (Figure 9). These late successional
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systems are often more susceptible to more intensive disturbances such as severe wildfires,
wide-scale insect outbreaks, etc.

Figure 9. Estimates of aboveground net primary production (NPP), net ecosystem production
(NEP), and biomass accumulation over the course of ecological succession, after Odum [52] and
Gough et al. [151]. NEP can be negative following a disturbance [159].

In many regards, the U.S. economy appears to be exhibiting late-successional charac-
teristics, where per capita GDP growth has dropped from 8% in the 1970s to less than 3%
in the twenty-teens [160]. Real wages have remained flat to declining [161–164], wealth has
become concentrated into fewer entities [15,17], and productivity returns on investment
have declined [165]. If government bailouts, trade policies, monetary policies, and subsi-
dies can shift economic succession to the right, can policies and programs shift succession
to the middle, to stimulate diversity and its benefits?

4.3. Economic Restoration

Current use of the term economic restoration is restricted to the economic value of
ecological restoration (e.g., the restoration economy), or to beautifying an urban area,
rather than to restoring economic processes and functions. To clarify, I offer this definition:
Economic restoration is the process of rebuilding economic diversity, endogenous trade, and
endogenous energy systems within a regional economy. Due to this article’s length, readers
interested in additional data and analysis related to economic restoration, and its social,
economic, and environmental implications, may contact the author for a digital copy of
“Ecosystems as Models for Restoring Our Economies”.

4.4. Economic Restoration Policy Implications

Several policy and program (P & P) implications stem from the results above, as
related to diversity, energy, trade, and boundary conditions. Three inter-related policy
implications are provided below, with others provided in Giordanengo [42]. These P &
Ps are relevant not only to governments, but to NGOs, universities, and private entities
working in the sustainability, green infrastructure, and circularity spaces. Specific P & Ps
will vary by SEI context.

Policy implication 1: Energy security, carbon neutrality, and similar goals are facilitated
not only via technology changes, but by increased economic diversity at regional scales. To
stimulate diversity, P & Ps must be crafted to increase endogenous energy production and
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trade at regional and national scales, while minimizing exogenous energy and foreign trade.
Many means exist to accomplish this, including import substitution, flexible manufacturing,
cooperatives, ecological clustering, and similar system-level solutions.

Policy implication 2: Fiscal P & Ps that stimulate cross-boundary trade, such as
subsidies, bailouts, loan programs, and tax breaks, have historically placed downward
pressure on diversity. To facilitate the benefits of diversity described in this paper, fiscal
P & Ps should be refocused to stimulate new business entrants in waste-to-resources,
endogenous energy, extractive (e.g., agriculture and logging), and manufacturing industries
at regional levels.

Policy implication 3: In support of policy implications above, a variety of P & Ps are
available to facilitate the restoration of regional economies, such as multi-agency economic
compacts, inter-agency trade and fiscal policies, regional energy development programs,
and similar mechanisms. These P & Ps do not require the redrawing of jurisdictional
boundaries (e.g., city, county, or state), or the creation of new currencies. Rather, regional
economic zones can be established on watershed boundaries, ecological boundaries, or
similar boundaries, which may cross multiple existing jurisdictions.
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Abstract: Many strategies and directives are starting to address the importance of an appropriate
landscape for agricultural biodiversity, such as pollinators and auxiliary fauna. Therefore, it is
necessary to identify which landscape features are more important for agricultural biodiversity
conservation and the ecosystem services they offer, like pollination and pest control. Thus, the main
objective of this study was to assess the effect of landscape composition, configuration, connectivity,
and crop border vegetation on arthropod diversity. The arthropod community was sampled in eight
legume crops located across a gradient of landscape complexity. Additionally, the border vegetation
of each plot was characterized, and the surrounding landscape was analyzed at a small and a large
scale. For the statistical analysis, Generalized Linear Mix Models and redundancy analyses were
applied. Pollinators were positively affected mainly by landscape connectivity. Pest control agents
were less influenced by the landscape and only before harvest were they positively affected by
riparian forests. Finally, phytophagous arthropod richness increased with border vegetation diversity
and cropland in the surroundings. In conclusion, in the leguminous crops of Araba landscape
connectivity together with cropland extension in the surroundings should be considered to promote
ES-offering fauna diversity.

Keywords: complexity; connectivity; biodiversity; ecosystem services; hedgerow

1. Introduction

In 2024, the European Union (EU) approved a new law for Nature Restoration [1]
in order to cease the accelerated biodiversity loss and ecosystem misfunctioning that
have been occurring recently [2] due to anthropogenic landscape simplification [3] and
a reduction in microhabitats for arthropods [4,5], among other causes. This law aims to
restore 20% of the EU’s land and sea ecosystems that are in bad condition for 2030 and 90%
of all the areas in need for 2050.

In agricultural landscapes, food production depends on the supply of different ecosys-
tem services (ES), such as pollination and pest control, both performed by mobile fauna
that inhabit surrounding natural habitats. Thus, there is wide evidence that more ES are
expected in agricultural areas with the presence of natural habitats in the landscape [6–10],
like for example meadows or pastures [11,12] and native forests [12]. Similarly, increasing
the heterogeneity within the plot [9,13–17] and adopting biodiversity-friendly measures like
diversifying crop species or decreasing plot size [18] have also been observed to promote
pollinator and auxiliary fauna community conservation and to increase yield. In addition
to these measures, green infrastructure alone has also been claimed to be insufficient, sug-
gesting that habitat connection should be equally important [12]. Therefore, agricultural
landscapes must be multifunctional [19] and bioredundant [20] to guarantee food security.
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For that reason, the Nature Restoration law (EU 2024/191) [1] considers the presence of agri-
culture in high-diversity landscapes as an indicator for agricultural landscape restoration
and urges pollination conservation and agricultural landscape restoration.

However, there is a certain debate about how natural habitats could also function as
reservoirs of pests and different phytophagous arthropods [21–23]. Similarly, landscape
complexity and connectivity also play a crucial role in disease dispersal. For instance,
although agricultural matrixes with a high diversity of crops have been proven to decrease
aphid richness, they have also been observed to increase virus diseases [24]. The high
variability of the interactions between the landscape and biodiversity makes local studies
completely necessary to promote the local populations of pollinators and auxiliary fauna.

Therefore, the main objective of this study was to identify key features of the landscape
to contribute to the knowledge of agricultural biodiversity and the ES they may provide
in the province of Araba (Basque Country). For that purpose, the effects of landscape
composition, configuration, and connectivity were assessed, as well as crop border vegeta-
tion, on arthropod functional groups of legume crops to evaluate biodiversity associated
with two of the most important ES for agriculture, namely pollination and pest control.
Legumes were selected as the crop because of their greater resource offer for different
arthropod groups, especially when they are in flower [25,26]. Thus, landscape connectivity
and configurational complexity, together with natural or semi-natural habitats like pas-
tures, natural forests, or riparian forests, were expected to benefit these arthropod groups,
which could lead to better pollination and pest control ES. On the contrary, phytophagous
arthropods were expected to decrease in complex landscapes, due to the richer auxiliary
fauna community.

2. Material and Methods

2.1. Survey Area

The sampling was carried out in the province of Araba in the Basque Country (north-
eastern of the Iberian Peninsula, Spain) (Figure 1a). In this province, the climate is
Subatlantic- Mediterranean and there is a mixture of more intensive agriculture in a more
simplified landscape and a more natural agriculture placed in a more natural and complex
landscape. In the province of Araba, agriculture has great importance on the economy,
as 92% of its land surface is under agricultural use [27]. The main management model
in the province is intensive agriculture of potatoes, cereals, and diverse legumes, while
organic farming still has little impact on the market since it only occupies 4.2% of the whole
agricultural land [28]. Natural or semi-natural vegetation patches consist of Quercus robur
and Q. faginea forests.

In total, 8 sites were sampled in May 2021 (before harvest) and 7 in August 2021 (after
harvest, 1 of them was not harvested) to see the effect of the landscape when crops were
present and when they were not. The sites were located in different landscape matrixes
with different levels of naturalness. All the crops were leguminous, they were organically
managed, and they followed a similar management calendar. Due to the low presence
of organic farming in the province, it was not possible to select a single crop species for
the whole study and different organic leguminous croplands were sampled: pea, vetch,
lentil, and chickpea. For the same reason, not all crops were in the same phenological
development state (4 of them were in flower, while 4 of them were not), which had to be
considered when applying the models.
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Figure 1. (a) On the left: map of Europe taken from © OpenStreetMap [29] with the Autonomous
Community of the Basque Country (CABC) highlighted in dark blue; and on the right: map of the
CABC with the eight sample plots colored in light green; (b) drawing of the sampling-design, where
the location of the adhesive traps for the arthropods (yellow rectangles) and the transects for the
border vegetation characterization (purple arrows) are displayed.

2.2. Arthropod Sampling

Arthropods were sampled before harvest (May 2021) and after harvest (August 2021).
For that purpose, a plot of at least 1 ha was selected at each site and adhesive yellow
traps of 10 × 25 cm were placed at a height of 1 m. Nine traps were set at each plot,
forming 3 transects of 3 positions, the first one on the border vegetation, the second one
at 10 m toward the center of the plot from the border, and the third one at 20 m toward
the center of the plot from the border (Figure 1b). Between transects, a minimum of 10 m
was left. The traps stayed in the field for 14 days. Arthropods were then identified at
the family level at the laboratory using the following keys: Goulet and Huber (1993) [30],
Oosterbroek (2006) [31], and Bellmann (2018) [32]. In addition, they were classified into
3 different groups depending on their functional role: pollinators (small pollinators and
flower-visiting insects (according to Oosterbroek (2006) [31] and Bellmann (2018) [32])),
predators and pest control agents (also known as auxiliary fauna), and phytophagous
arthropods. It should be highlighted that as identifications were not conducted to the
species level, generalizations for each family were conducted and “one single family”-
“one single group” associations were made. For each group, richness (number of taxa)
was calculated.

2.3. Border Vegetation Characterization

The border vegetation of each plot was only characterized in May 2021 by sampling
3 transects in each plot (Figure 1b). In each transect, the trap placed on the border was
established as the center of the 10 m transect (5 m to one side and another 5 m to the other
side) and 1.5 m width into the hedgerow. This vegetation transect was perpendicular to
the transect of the arthropod traps. All the plants were identified to the smallest level
possible, differentiating 5 strata (0–0.2 m, 0.2–1 m, 1–2 m, 2–5 m and >5 m) and giving
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each plant species a cover-value with a semi-quantitative scale (+ = 0–5%, 1 = 5–20%,
2 = 20–40%, 3 = 40–60%, 4 = 60–80%, 5 = 80–100%). This way, the Shannon diversity of
border vegetation was calculated [33].

2.4. Landscape Analysis

The landscape surrounding each plot was analyzed by the QGIS program 3.28.3
version [34] using the EUNIS vegetation layer as a base. For landscape composition pasture,
natural forest (Quercus spp., mixed forests), riparian forest (Populus spp., Fraxinus spp.),
and cropland percentage were calculated [12]. Moreover, for landscape complexity, the
next indexes were calculated based on the same cartography: the richness of different
land uses (S) and the Shannon diversity index of the different land uses (SHDI) [35,36].
Then, landscape configuration patch density (PD) and edge density (as the sum of all patch
perimeters in the buffer) (EDG) [35,36] were calculated. Finally, for landscape connectivity,
the Effective Mesh Size Index (EMS) was calculated [37]. Considering previous analysis
with larger scales and seeing that only small arthropods were sampled and that larger ones
(better dispersal abilities) like bees, hoverflies, or butterflies were not caught by the traps,
for the landscape assessment, two scales were used: a small scale of a 500 m radius buffer
and a large scale of a 1000 m radius buffer (Table 1) [6,12,38].

Table 1. A buffer of 500 m and 1000 m radius, percentages of pasture, natural forest, riparian
forest and cropland, land-use diversity as the Shannon index of different land-uses (SHDI), land-use
richness as the number of different vegetation types (S), patch density as patches per ha (PD), edge
density as the sum of border perimeters (EDG), and Effective Mesh Size (EMS) for each site.

Site Buffer Pasture Natural Forest Riparian Forest Cropland SHDI S PD EDG EMS

1 500 0.00 0.67 0.71 87.76 0.54 8 0.19 181.73 0.01
1000 0.17 1.08 1.41 94.07 0.30 6 0.08 121.66 0.03

2 500 0.00 0.07 2.32 96.26 0.19 4 0.13 168.03 0.02
1000 0.47 9.89 2.50 84.41 0.60 6 0.08 162.48 4.36

3 500 0.00 0.00 0.00 98.10 0.11 3 0.04 55.01 0.00
1000 0.00 0.00 2.03 94.75 0.27 7 0.06 104.38 0.07

4 500 0.00 19.97 2.21 48.72 1.58 11 0.67 556.28 4.64
1000 3.39 30.43 1.27 48.47 1.35 10 0.16 165.39 51.88

5 500 28.00 14.50 0.00 52.24 1.24 10 0.61 434.19 15.68
1000 26.56 20.24 0.07 45.49 1.33 9 0.49 433.96 72.44

6 500 4.03 28.19 0.19 33.56 1.92 15 0.40 429.65 9.91
1000 18.39 35.07 0.29 20.83 1.51 8 0.25 283.29 75.21

7 500 0.00 0.00 1.65 95.08 0.23 3 0.09 133.24 0.01
1000 0.78 13.46 2.44 75.95 0.89 10 0.16 165.39 7.26

8 500 4.54 23.50 2.11 45.04 1.41 9 0.31 283.41 12.23
1000 4.36 36.56 1.49 44.55 1.27 8 0.13 192.54 71.71

2.5. Statistical Analysis

Statistical analyses were performed with R program 4.2.2 version [39]. Generalized
Linear Mix Models (GLMMs) were made with “lme4” package. First, the correlation
between the different land uses and landscape complexity indexes was assessed to avoid
autocorrelation effects. This way, the cropland percentage in 500 m and 1000 m buffer,
riparian forest percentage in 500 m buffer, Effective Mesh Size in 500 m and 1000 m buffer,
and border vegetation diversity were selected (Table 2). Pollinator, pest control agent,
and phytophagous richness were defined as response variables. To select the explanatory
variables avoiding autocorrelation, all the compositional, configurational, and connectivity
variables at the two scales and border vegetation diversity were defined as explanatory
variables. Gamma distribution was used for building the models, and due to the differences
in the phenological development state of the crops, this was defined as a random factor
(less developed vs. in flower). Additionally, trap position and sampling time were also
defined as random factors. For each arthropod variable, the best models were selected
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(smallest AIC value). The same methodology was followed to assess the response of the
most abundant taxa of each group to landscape features. These taxa were Empididae
(pollinator), Muscidae (pest control), and Thysanoptera (phytophagous).

Table 2. Correlations between land uses and landscape complexity indexes at two scales: 500 m and
1000 m radius buffer. R2 and p values are expressed. Land-use diversity (SHDI), land-use richness
(S), patch density (PD), and edge density (EDG). *Statistically significant values.

500 1000
Variables R2 p R2 p

Cropland Natural forest −0.97 <0.001 * −0.93 <0.001 *
Riparian forest 0.12 0.443 0.55 <0.001 *

Pastures −0.66 <0.001 * −0.90 <0.001 *
Effective Mesh Size SHDI 0.61 <0.001 * 0.89 <0.001 *

R 0.65 <0.001 * 0.51 <0.001 *
EDG 0.69 <0.001 * 0.95 <0.001 *
PD 0.69 <0.001 * 0.83 <0.001 *

The cycle of the crop itself and the surrounding ones are factors to be considered
in understanding the dynamics of the arthropod community [40]. Because of that, the
interaction between the sampling moment and the explanatory variables was also analyzed,
and GLMM models were made separately before and after harvest when the interaction
was significant (using Gamma distribution and defining trap position and crop development
(only before harvest) as random factors). However, since the community of the trapped
pollinators was mainly composed of smaller pollinators or flower visitors and leguminous
crops are mainly pollinated by bees and large pollinators [26], this group was not analyzed
separately before and after harvest.

Finally, a Redundancy Analysis (RDA) was performed to observe the effect of the
landscape variables on the community composition of each group.

3. Results

3.1. General Results

In total, 11,639 arthropods were identified and 51 taxa were observed before harvest,
in May. Among them, 17 taxa were classified as pollinators or small flower visitors,
17 as pest control fauna, and 17 as phytophagous. Meanwhile, after harvest (in August),
23,450 arthropods and 92 taxa were counted and identified: 32 taxa were classified as
pollinators, 27 as pest control fauna, and 33 as phytophagous arthropods. Most of them
were dipters and small hymenopters, together with some heteropters and coleopters (Table
S1). Other important taxa (mainly for the pollinator group) like bees and butterflies,
however, were not caught. When it comes to the vegetation, 172 species were identified in
total.

3.2. Pollinators

Among cropland percentage (negatively related to pastures and natural forests), ri-
parian forests, landscape connectivity (represented by Effective Mesh Size), and border
vegetation diversity, the best predictor for pollinator richness was Effective Mesh Size
(EMS) in 500 m buffer (Table 3; Figure 2a). This variable had a positive relationship with
pollinator richness. This landscape complexity variable is representative of the connectivity
of the natural habitats and refuges in the surroundings of the site.
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Table 3. The best Generalized Linear Mix Model with significant results (p < 0.05) for pollinator
richness depending on different landscape parameters and indexes, at two scales (500 m and 1000 m
radius buffers) and at both sampling moments. The following values are expressed: AIC value,
Estimate, Standard error, T value, and p-value. EMS = Effective Mesh Size.

AIC Variables Buffer Estimate Std. Error t Value Pr

Pollinator richness 125.6 Intercept 0.36 0.1 3.74 <0.001
EMS 500 −0.00 0.00 −3.28 0.001

Empididae abundance
(before harvest)

177.3 Intercept −0.13 0.06 2.08 0.038
Cropland 500 0.00 0.00 3.10 0.002

EMS 500 −0.01 0.00 −3.12 0.002

Figure 2. Relationship between pollinator richness and (a) Effective Mesh Size (ha) in 500 m buffer,
representing the best Generalized Linear Mix Model for this variable. Relationship between Empi-
didae abundance and (b) cropland in 500 m buffer before harvest, (c) Effective Mesh Size in 500 m
buffer before harvest. Standard error is represented as a ribbon in light yellow.

The sampled pollinators were principally small Diptera and Hymenoptera taxa, as
well as some Coleoptera. However, larger pollinators like bees and butterflies did not
adhere to the traps. As the RDA analysis showed, the pollinator community was clearly
differentiated by the sampling moment since the overlapping between before and after
community composition is very small. Moreover, among the assessed landscape variables,
the most influential one was the Effective Mesh Size in a 500 m buffer (R2 = 0.04; p = 0.002)
(Figure 3). Empididae was one of the most abundant pollinator families in both sampling
moments and every site. The abundance of this family decreased with cropland percentage
in the landscape before harvest (Table 3; Figure 2b. Moreover, the Effective Mesh Size also
had a negative effect on their abundance (Figure 2c), although it was more subtle than
cropland extension.
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Figure 3. Redundancy Analysis (RDA) plot for pollinator community before and after harvest. The
red arrow shows the most influential variable. EMS500 = Effective Mesh Size in 500 m buffer.

3.3. Pest Control Agents

The riparian forest percentage in 500 m buffer (t = 2.62; p = 0.008) showed significant
interactions with the sampling moment. Thus, when assessing this variable separating the
sampling moment, it had a significant effect before harvest. This way, the best predictor for
pest control agent richness was riparian forest percentage in 500 m buffer (Table 4; Figure 4)
with a positive effect.

Table 4. The best Generalized Linear Mix Models with significant results (p < 0.05) for pest control
agent richness and Muscidae family only before harvest, depending on different landscape parameters
and indexes, at two scales (500 m and 1000 m radius buffers). The following values are expressed:
AIC value, Estimate, Standard error, T value, and p-value. EMS = Effective Mesh Size.

AIC Buffer Estimate Std. Error t Value Pr

Pest control richness 84.1 Intercept 0.26 0.02 12.04 <0.001
(before harvest) Riparian forest 500 −0.03 0.01 −2.16 0.031

Muscidae abundance
(before harvest)

−284.6 Intercept 5.05 3.68 1.37 0.170
EMS 500 −0.3 0.24 −1.26 0.208

Similar to the pollinator community, the RDA analysis showed a clear separation
between the community composition before and after harvest. Moreover, the most influ-
ential landscape variable was also the Effective Mesh Size in a 500 m buffer (R2 = 0.0098;
p = 0.04), although it explained a smaller part of the differentiation (1.76%) compared to the
pollinator community (Figure 5). Among these families, only Muscidae showed as being
affected by the assessed variables. However, even if the best GLMM (lower AIC value)
included the Effective Mesh Size in a 500 m buffer as an explanatory variable, its effect was
not significant (Table 4).

Among the landscape parameters that showed a significant effect on the richness of
this group and Muscidae before harvest, both of them were defined at a 500 m buffer scale.
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Figure 4. Only before harvest, the relationship between pest control agent richness and riparian forest
percentage in 500 m buffer. Standard error is represented as a ribbon in light purple.

Figure 5. Redundancy Analysis (RDA) plot for pest control community before and after harvest. The
red arrow shows the most influential variable. EMS500 = Effective Mesh Size in 500 m buffer.

3.4. Phytophagous

Phytophagous richness was positively affected by cropland percentage in 500 m
buffer (Table 5; Figure 6a) and border vegetation diversity (Figure 6b). Although the best
GLMM also incorporated the riparian forest percentage in a 500 m buffer, this variable was
not significant.

Border vegetation diversity showed interactions with the sampling moment (t = 2.5;
p = 0.012). This way, harvest phytophagous richness also increased with border vegetation
diversity (Table 5).

Finally, the RDA analysis showed that the phytophagous community was well differ-
entiated by the sampling moment and that its composition was most affected by the border
vegetation diversity (R2 = 0.03; p = 0.003) (Figure 7 “Border-vegetation”). Thysanoptera
was one of the most abundant taxa in the community, which showed a tendency to be more
abundant with the increase in cropland in 500 m buffer (Table 5; Figure 6c).
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Table 5. The best Generalized Linear Mix Model with significant results (p < 0.05) for phytophagous
arthropod richness, depending on different landscape parameters and indexes. The following values
are expressed: AIC value, Estimate, Standard error, T value, and p-value.

AIC Buffer Estimate Std. Error t Value Pr

Phytophagous richness 135.2 Intercept 0.33 0.05 6.50 <0.001
Cropland 500 −0.00 0.00 −2.81 0.004

Border vegetation diversity −0.05 0.02 −2.76 0.005
Riparian forest 500 −0.01 0.00 −1.93 0.054

Phytophagous richness 61.2 Intercept 0.30 0.02 14.73 <0.001
(before harvest) Border vegetation diversity −0.06 0.02 −2.98 0.003

Thysanoptera abundance
(after harvest)

176.2 Intercept 0.07 0.02 4.03 <0.001
Cropland 500 −0.00 0.00 2.82 0.005

Figure 6. Relationship between phytophagous richness and (a) cropland in 500 m buffer and
(b) border vegetation diversity. Relationship between (c) Thysanoptera abundance and cropland in
500 m buffer. Standard error is represented as a ribbon in light green.

Figure 7. Redundancy Analysis (RDA) plot for the phytophagous community before and after
harvest. The red arrow shows the most influential variable. ‘Border vegetation´ = Border vegetation
diversity.
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4. Discussion

Spatial and temporal changes in a system can cause sudden changes in its biodiversity,
affecting, at the same time, its functionality [41], which means that the dynamics of crops
can shadow the effect of landscape complexity on the arthropod community [40]. In this
study, the pollinator community was affected by the landscape, despite the presence of
the crop. However, pest control and phytophagous arthropods were less affected by the
landscape, suggesting that other factors must be affecting them at the same time.

4.1. Pollinators

Different variables are known to be beneficial for arthropod richness, and especially for
pollinators, such as overall landscape diversity and complexity [6–9], extensive meadows or
pastures [11,12], the vicinity of the forest, woody elements and deadwood [8,9,11,12,42–44],
and riparian forests [45,46].

In our study, among all, the best predictor for pollinator richness in the legume crops
was found to be landscape connectivity. On the one hand, these results highlight the
importance of natural habitats and resources being connected across the landscape matrix,
even to a larger scale, to allow the dispersal of pollinators [12]; and on the other hand,
they can be indicators of the importance of adopting small scale measures to promote this
connectivity within the plot [9,13,16,17,42]. Therefore, not only is it important to promote
habitats and resources for pollinators, but it is equally relevant to arrange them correctly to
enable pollinators to disperse.

As expected, the proportion of intensive cropland extension on the landscape was
not the best predictor for pollinator richness, even if a lower percentage of cropland in the
landscape was representative of a higher percentage of pastures and natural forests. It is
true that very intensive agricultural matrixes can be detrimental to the diversity of these
arthropods, due to the loss and fragmentation of natural or semi-natural habitats [6,47].
However, considering that pollinator-friendly legumes took an important extension of the
“intensive cropland” category on the buffers, such a negative effect was not expected to be
observed. Legumes are mainly pollinated by bees and larger pollinators [26], which can
be better competitors for these resources and do not depend on landscape naturalness as
opportunistic or non-crop pollinators [48]. Since the pollinators we sampled were small,
other crop pollinators like bees might have left the smaller pollinators to feed on poorer
resources, such as small wildflowers in the borders [8]. This coincides with the results
for Empididae, which was the most abundant pollinator family. Their abundance was
lower when cropland extension was higher, which could indicate that this small Diptera
family is more benefited by other natural habitats than by the crops themselves. This family,
however, was, at the same time, slightly negatively affected by landscape connectivity,
which could be a consequence of facilitated dispersal to more suitable habitats since this
family is often associated with aquatic or highly humid habitats [49,50]. This highlights
the importance of landscape complexity and natural vegetation for the richness of the
pollinator community, even in crops with dense floral resources.

The 500 m radius buffer was observed to be best for landscape assessment for pollina-
tor richness. Thus, to evaluate the features of the landscape and its suitability for hosting, a
rich pollinator community using a buffer of a 500 m radius should be sufficient.

4.2. Pest Control Agents

Several studies have proved that predators, pest control agents, or auxiliary fauna
benefit from a higher complexity of the landscape [51–53], and there is wide evidence that
borders increase in-farm biodiversity [6,9,17,54,55]. This way, a well-connected matrix [12]
with natural habitats like pastures [56–58], for example, should be necessary to enhance
pest control in crops. However, this study failed to prove a clear positive effect of landscape
connectivity. This variable only influenced their community composition, but it did not
promote auxiliary fauna richness. In addition, cropland extension did not have a negative
effect on this group, and neither did landscape configuration and complexity indexes,
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contrary to what other studies show [13,59,60]. This lack of significance could be indicative
of crops resulting in an important food source for pest control agents since they feed on the
phytophagous arthropod community that grows on plants. Thus, other factors like crop
cycle and pest dynamics should be considered to assess pest control arthropods.

Moreover, the presence of riparian forests in the landscape before harvest was iden-
tified as the only variable that had a positive effect on the pest control agent community.
These habitats have been claimed to be refuges for auxiliary fauna since pest control ser-
vices can be higher in crops near riparian forests [61,62]. Therefore, their conservation
could be key for the promotion of pest control services in rural Araba and more studies
should be made on these ecosystems.

Equally to the pollinators, this group was more related to the smaller scale. Therefore,
it would be better to use the 500 m buffer for landscape assessment in relation to this group.
However, more studies should be made about the interactions between the dynamics of
pests and auxiliary fauna in crops and the landscape.

4.3. Phytophagous Arthropods

There is a certain controversy on whether landscape complexity increases pest pressure
or contributes to diminishing it. Some authors claim that natural habitats function as a
source of phytophagous arthropods, causing heavier pest pressure and more damage to
crops [22,23]. However, others suggest that the effects of this group decrease in complex
landscapes due to a higher pest control or a higher availability of alternative resources for
the phytophagous in the landscape [17,24].

In this case, cropland extension in the landscape was one of the drivers for phy-
tophagous richness, which means that when the percentage of pastures and natural forests
was higher, phytophagous richness was lower. This coincides with the latter authors. In ad-
dition, Thysanoptera abundance was also higher with cropland extension. Being potential
pests of legume crops and other species of crops, it was expected to find an increase in this
group with the increase in cropland [63].

Additionally, and similarly to auxiliary fauna, riparian forests also increased phy-
tophagous richness. As said before, riparian forests are an important source of biodi-
versity [61,62,64]. Because of that, it is logical to observe an augment in phytophagous
arthropod richness with their presence. Moreover, riparian forests in agricultural land-
scapes are commonly cut, so that the riparian habitat becomes limited to the stream flow
and some associated vegetation. Consequently, the conservation of these forests could
bring an increase in biodiversity in general.

At the same time, border vegetation diversity also contributed to a higher phy-
tophagous richness due to two possible options: first, that a higher plant diversity hosted
a higher phytophagous diversity, and second, that crops, being monospecific, could host
a less diverse phytophagous community. This result should not be considered only as a
threat to crop health but also as an opportunity for border vegetation to absorb part of
the phytophagous community as an alternative food source, especially for native phy-
tophagous when the vegetation is natural [65]. Thus, the controversy of these results could
be related to the fact that phytophagous arthropods also depend on other factors that were
not assessed in this study, like crop cycle and its structural complexity [66,67]. Because
of that, more studies should be conducted on how phytophagous arthropod populations
change depending on crop cycles and their interaction with the landscape in Araba.

Regarding the landscape scale, the smaller scale could be more appropriate, which
suggests that the analysis of the nearest vegetation could be more important to assess
this community and approach landscape evaluation and management. Since many of the
phytophagous arthropods are very small and they might not be good dispersers [68], the
adjacent vegetation would play an essential role in conditioning their presence or absence.

129



Land 2024, 13, 2128

5. Conclusions

In closing, the Effective Mesh Size Index for landscape connectivity could be a key
feature of the landscape as an indicator of the pollinator and pest-control arthropod com-
munities in the leguminous cropland of the Mediterranean region of Araba. Therefore,
sustainable agricultural management should consider this index to assess the conservation
of biodiversity in agricultural contexts. Moreover, cropland extension for phytophagous
arthropods, and riparian forests both for phytophagous and pest control agents could also
be interesting indicators for their richness. Additionally, based on the present results, a
radius of 500 m could be a good measure to evaluate landscape suitability for the assessed
arthropod communities.

Thus, this work not only contributes to the knowledge of the arthropod communities
in the agricultural landscape of Araba, but it is also a starting point for the introduction of
landscape characteristics as a feature to be considered in agricultural management. There-
fore, more studies should be made to advance the study of sustainable landscape designs.

All these results highlight the importance that landscape complexity and natural
vegetation have for ES offering groups in an agricultural context. Therefore, the first step in
the management of the leguminous crops of the region should be to analyze the landscape
within the area in order to improve biodiversity conservation, which goes in line with
a lot of sustainable strategies and with the focus of the recent Nature Restoration law
(2024/191) [1] on agrarian landscapes. Moreover, more studies should be made on the real
capacity of the fauna on ES delivery and on the production of the crops.
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Abstract: Urbanization and economic growth have substantially modified the land uti-
lization structure, affecting ecosystem services and their spatial distribution. As a crucial
component of Beijing’s urban framework, the city’s green belts, located at the periphery
of its core metropolitan area, play a vital role in supplying urban ecosystem services.
They also represent a focal point for land use transformation conflicts, making them an
important study area. This research utilizes land utilization data from 2000, 2005, 2010,
2015, and 2020 as the primary dataset. It adopts a modified standard equivalent factor
and integrates it with the Patch-Generaling Land Use Simulation (PLUS) model to model
land utilization in Beijing’s green belts for 2035 under three scenarios: the natural devel-
opment scenario (NDS), ecological protection scenario (EPS) and cultivated protection
scenario (CPS). The study aims to analyze and project the spatial and temporal evolution
of ecosystem service values (ESVs) in 2035 under different scenarios in the green belts
of Beijing. The results indicate that (1) land use in Beijing’s green belts is dominated
by cropland and construction land. Construction land has expanded significantly since
2000, increasing by 500.78 km2, while cropland has decreased by 488.47 km2. Woodland,
grassland, and water have also seen a reduction. Overall, there is a trend of woodland
and water being converted into cropland, with cropland subsequently transitioning into
construction land. (2) In the NDS, construction land increases by 91.76 km2, while cropland,
grassland, and water decrease. In EDS, the growth of construction land decelerates to 22.09
km2, the reduction in cropland decelerates, and the conversion of cropland to construction
land is limited. Grassland and water remain largely unchanged, and woodland experi-
ences a slight increase. In CPS, the conversion of cropland to construction land is notably
reduced, with construction land increasing by 11.97 km2, woodland increasing slightly,
and grassland and water decreasing slightly. (3) The ESV ranking across scenarios is as
follows: EPS 1830.72 mln yuan > CPS 1816.23 mln yuan > NDS 1723.28 mln yuan. Hydro-
logical regulation and climate regulation are the dominant services in all scenarios. ESV in
EPS attains the greatest economic gains. This study contributes to understanding the effects
of land utilization changes on ESV, offering valuable empirical evidence for sustainable
development decision-making in swiftly urbanizing areas.

Keywords: land use; green belt; PLUS model; driving factors; multi-scenario modeling;
ecosystem service values

Land 2025, 14, 408 https://doi.org/10.3390/land14020408
134



Land 2025, 14, 408

1. Introduction

Urbanization continues to accelerate globally, driven by the concentration of pop-
ulations in cities, which fosters the expansion of urban boundaries and infrastructure
development. While this process contributes to economic growth and social development,
it also results in the encroachment of ecological and agricultural lands [1]. Ecosystem
services (ES) form the foundation of the resources and environmental systems that sustain
human life and sustainable development [2,3]. Frequent human activities, however, are
continually altering the land use/land cover (LULC) patterns, which in turn affect the
supply and distribution of these services [4,5].

In recent years, scholars have conducted extensive investigations into ecosystem ser-
vices from diverse perspectives. Regarding research scope, since Costanza’s [6] pioneering
global-scale ES valuation in 1997, subsequent studies have progressively refined their focus
to regional scales, examining specific ecosystems including forests [7–9], grasslands [10–12],
agricultural lands [13,14], wetlands [15–17] and coastal environments [18–20]. The re-
search paradigm has evolved from static assessments of single ecosystems like forests and
wetlands to dynamic analyses of complex systems such as urban–rural ecotones. Current re-
search dimensions encompass multiple aspects: quantitative methodologies for ecosystem
service evaluation [21–24], the spatiotemporal pattern analysis of ecosystem services [25],
and the investigation of service trade-offs and synergies [26]. Methodologically, the ap-
plication of specialized tools such as the InVEST model [27,28] and SolVES model [29,30]
has facilitated significant advancements from basic spatial mapping to sophisticated quan-
titative assessments. These methodological developments provide crucial insights for
understanding the complexity of urban ecosystem services and their multidimensional
impacts on human well-being.

International precedents such as the London Metropolitan Green Belt [31,32] and
Seoul Green Belt [33,34] demonstrate the perpetual tensions between urban expansion
imperatives and ecological conservation in peri-urban transitional zones. Functioning
as critical buffer areas between urban and rural landscapes, these greenbelts maintain
vital ecological functions while playing important socio-economic roles. This study’s
selection of the Beijing Greenbelt Area as its research focus addresses both empirical and
theoretical imperatives. As China’s capital undergoing rapid urbanization, Beijing presents
the prototypical urban ecological challenges prevalent among global megacities [35]. The
research outcomes possess significant generalizability, offering methodological references
for comparable regions worldwide.

The methodological framework of this study involves employing the Patch-Generaling
Land Use Simulation (PLUS) model for future land use simulation, followed by ecosystem
service value (ESV) assessment utilizing the equivalent value factor method. Current
spatial simulation models for land use change, including the CA-Markov [36,37], ANN-
CA [38], CLUS-S [39], Dyna-CLUE [40], and FLUS [41] models, etc., exhibit limitations
in simulating land use patch transformation processes. These models demonstrate in-
sufficient accuracy in ecological condition assessment due to their failure to account for
temporal and spatial variations [42]. Compared with alternative models, the PLUS model
demonstrates significant advantages by better elucidating the relationship between land
use changes and their driving factors, thereby enhancing the precision of regional land use
simulations. To address the inherent limitation of the equivalent value method in capturing
ESV’s spatiotemporal dynamics, Xie [43] enhanced this methodology by integrating the
characteristics of China’s ecosystems. In this research, we have adopted Xie’s improved
framework as a theoretical foundation and have further refined the equivalent factor table
through the incorporation of Beijing’s grain price data and Net Primary Productivity (NPP)
data, consequently improving the accuracy of ESV assessment.
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2. Materials and Methods

2.1. Study Area

Beijing is the capital of the People’s Republic of China. It is located on the northern
edge of the North China Plain (115◦25′–117◦35′ E, 39◦28′–41◦05′ N) and spans a total land
area of 1.68 × 104 km2. With four distinct seasons, the city has a warm temperate continental
monsoon climate. The annual precipitation is 595 mm, with the majority occurring from
June to September. Beijing, as the capital city of China and a megacity, features a unique
urban planning approach characterized by a “decentralized group approach”. From the
outset of urban planning, Beijing’s green belts served as an ecological buffer zone between
the core urban areas and the surrounding built-up regions. They have also been a focal
point for land use conflict during the process of urban development.

The Greenbelt Area of Beijing covers approximately 1220 square kilometers. The
First Greenbelt Area, encompassing a policy-defined scope of approximately 310 square
kilometers, is designed to safeguard the ecological security framework of the central urban
area. The Second Greenbelt Area, covering around 910 square kilometers, extends beyond
the First Greenbelt’s policy boundary to the outer edge of the Sixth Ring Road. This zone
provides extensive green space and serves as a strategic reserve to enhance urban ecological
resilience and consolidate the ecological security structure of the plain region. Although
the Second Greenbelt Area is delimited based on the urban ecological structure during
planning, its implementation is coordinated with township administrative units, leading
to a certain degree of policy mismatch. The scope of this study encompasses all township
administrative units involved in the relevant planning of the Greenbelt Area, covering an
area of 2058.19 km2, as shown in Figure 1.

Figure 1. Location and study area.

2.2. Data Sources

The data utilized in this study consist of land use data and driving factors data. The
land utilization data were obtained from the China Land Cover Dataset (CLCD), covering
five time periods, with a spatial resolution of 30 m: 2000, 2005, 2010, 2015, and 2020. In the
selection of driving factors, this paper considered the combined effects of natural, social,
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and economic [44] conditions. Thirteen driving factors were chosen (Figure 2) based on the
principles of data accessibility, spatial characteristics, and comprehensiveness. The data
types and their origins are outlined in Table 1.

Table 1. Data information.

Data Subdata Year Format Resolution Institution Website

Land use data Land use 2000–2020 Grid 30 m China Land Cover
Dataset (CLCD)

https://zenodo.org/
records/12779975 (accessed

on 20 December 2024).

Climate and
environmental

data

Annual
precipitation 2022 Grid 1000 m

National Earth
System Science

Data Center
(NESSDC)

http://www.geodata.cn/
(accessed on 20 December

2024).

Annual
temperature 2022 Grid 1000 m NESSDC

http://www.geodata.cn/
(accessed on 20 December

2024).

Elevation 2024 Grid 30 m Geospatial data
cloud

https://www.gscloud.cn/
(accessed on 20 December

2024).

Slop 2024 Grid 30 m calculated from
DEM /

Soil type 2018 Shpfile - NESSDC
http://www.geodata.cn/
(accessed on 20 December

2024).

Distance to
water 2024 Shpfile - Open Street Map

(OSM)

https:
//www.openstreetmap.org/

(accessed on 20 December
2024).

Socio-economic
data

GDP 2020 Grid 1000 m

Resources and
Environmental

Science and Data
Center, Chinese

Academy of
Sciences

https://www.resdc.cn/
(accessed on 20 December

2024).

Population 2020 Grid 100 m WorldPop

https:
//www.worldpop.org/

(accessed on 20 December
2024).

Railway 2024 Shpfile - OSM

https:
//www.openstreetmap.org/

(accessed on 20 December
2024).

Motorway 2024 Shpfile - OSM
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Figure 2. Driving factors.

3. Methodology

The research framework was divided into three parts, as shown in Figure 3. The first
part was data preparation, including the CLCD dataset, the data of the 13 driving factors,
and the relevant policies on land use in Beijing. The second part was the simulation of land
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use in Beijing’s green belts in 2035 under the NDS, EPS, and CPS, using the PLUS model.
The third part involved analyzing and predicting the spatial and temporal evolution of
ESV in Beijing’s green belts using the modified standard equivalent factor.

 

Figure 3. The framework of the study.

3.1. Land Use Change (LUC) Analysis

In this research, the land use transfer matrix approach [45] was employed to present
the variations in different land utilization types in the study area between 2000 and 2020, as
well as the transitions between these types. The formula used for constructing the transfer
matrix is as follows:

Sij =

⎡
⎢⎢⎢⎣

S11 S12 . . . S1n

S21 S22 . . . S2n

. . .
Sn1

. . .
Sn2

. . .

. . .
. . .
Snn

⎤
⎥⎥⎥⎦ (1)

In the formula: Sij represents the area of each land use type, i denotes the initial land
use type, j is the terminal land use type and n is the number of land use types.

The single land use dynamics (K), which indicate the rate of the quantitative change
for a specific land use type within the study area over a given time frame, is expressed
using the following formula:

K =
Ub − Ua

Ua
× 1

T
× 100% (2)

In the formula, K represents the single land use dynamics of a land use type in the
study area; Ua and Ub are the areas of the land use type at the beginning and at the end
of the study period; and T denotes the number of years between the beginning and the
end periods.
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3.2. PLUS Model
3.2.1. A Rule-Mining Framework Based on a Land Expansion Analysis Strategy (LEAS)

The LEAS module can investigate the relationship between the expansion among land
use types and its driving factors [46,47]. The formula used in this process is as follows:

Pd
i,k(x) =

∑M
n=1 I(hx(x) = d)

M
(3)

In the formula, the value of d is 0 or 1, with a value of 1 indicating a shift from other
land use types to k land use types, and a value of 0 indicating other shifts; x is a vector
consisting of multiple driving factors; I(·) is an indicator function for the set of decision
trees; hx(x) represents the prediction type of the nth decision tree for vector x; and M
denotes the total number of decision trees.

3.2.2. Markov-Based Land Use Quantity Projections

The Markov model is a prediction method [48] that estimates the probability of an
event occurring based on its initial state and the matrix of state transition probabilities. It
predicts the likelihood of various states occurring in the future. The transfer probability Pij

at moment n is calculated as follows:

Pij =

⎡
⎢⎢⎢⎢⎣

P11 P12 · · · Pn1

P21 P22 · · · Pn2
...

... · · · ...
P1n P2n · · · Pnn

⎤
⎥⎥⎥⎥⎦ (4)

St+1 = Pij × St (5)

In the formula, Pij denotes the probability of land use type i converting to land use
type j; n represents the number of land use types; and St and St+1 are the states of land use
types at moments t and t + 1, respectively.

3.2.3. CARS-Based Spatial Modelling of Land Use

The CARS module [49] was also developed based on the CA theory to study LUC
spatial simulations. The formula for calculating the overall transition probability OPd−1,t

i,k
of land use type k is represented as follows:

OPd−1,t
i,k = Pd

i,k × Ωt
i,k × Dt

k (6)

In the formula, Pd
i,k represents the probability of land use type k growing for the i -th

cell; Ωt
i,k represents the neighborhood effect for cell i; and Dt

k represents the influence of
the future demand for land use type k, expressed as an adaptive driving coefficient that
depends on the gap between the current land quantity and the target demand for land use
type k at iteration t.

3.2.4. Different Scenario Settings

The design of land use scenarios establishes competitive conditions and defines con-
version constraints for land use changes under varying policy frameworks. This is achieved
by adjusting neighborhood weights and land use transition matrices [50]. In multi-scenario
simulations, changes in neighborhood weights affect the overall transition probabilities of
land use types, while transition matrices impose specific restrictions on the transitions be-
tween certain land use categories. This paper is informed by key Chinese land management
policies, including the “Beijing Municipal Master Plan (2016–2035)”, the “14th Five-Year
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Plan” for development, the national policy to prevent the “non-agriculturalization” of
cultivated land, and the “Grain for Green” ecological restoration initiative. Based on these
guiding frameworks, three distinct land use scenarios were formulated: natural develop-
ment, ecological priority, and cultivated land protection. The settings for neighborhood
weights and land use transition matrices corresponding to these scenarios are detailed in
Tables 2 and 3.

Table 2. Neighborhood weights.

Cropland Woodland Grassland Water Unused Land
Construction

Land

0.5 0.08 0.03 0.08 0 0.7

Table 3. Conversion cost matrix.

Cropland Woodland Grassland Water Unused Land Construction Land

Cropland 1 1 1 1 1 1
Woodland 1 1 1 1 0 1
Grassland 1 1 1 1 1 0

Water 1 1 1 1 0 1
Unused land 1 0 0 1 1 0
Construction

land 1 1 1 1 1 1

The natural development scenario (NDS) assumes that land use changes proceed in
accordance with historical trends, without being directly influenced by specific planning
policies. In this scenario, neighborhood weights are derived from historical land use
expansion data, and the land use transition matrix is designed without incorporating
external interventions or imposing conversion restrictions.

The ecological protection scenario (EPS) prioritizes ecological protection and sustain-
able development. Under this scenario, the strict enforcement of ecological protection red
lines is required, with a focus on gradually expanding ecological spaces, strengthening
water conservation measures, and establishing a stable, high-quality ecological security
barrier. Specific measures include prohibiting the conversion of forests and grasslands
to agricultural land, orchards, or other land uses. The probability of agricultural land
transforming into construction land is decreased by 30% [51], while the probability of
forest and grassland converting to construction land is reduced by 50%; additionally, the
probability of agricultural land and grassland converting to forest is increased by 30%.
With a 15-year interval, the land use configuration for 2035 under the ecological priority
scenario is predicted based on 2020 data.

The cultivated protection scenario (CPS) is dedicated to ensure national food security
by strictly preventing the “non-agriculturalization” and “non-food crop cultivation” of
agricultural land. This scenario emphasizes stringent control over the conversion of agricul-
tural land, and aims to guarantee the effective protection of agricultural land. Compared to
the natural growth scenario, the probability of agricultural land converting to construction
land is reduced by 60% [52]. Using a 15-year interval, the land use configuration under the
CPS in 2035 is predicted based on 2020 data.

3.2.5. Accuracy Validation of PLUS Model Results

The validation method involved simulating the land use in 2020 based on 2015 at
5-year intervals, and then calculating the kappa coefficients by comparing the simulation
results with the real 2020 land use data. The accuracy evaluation was based on the Kappa
coefficient and overall accuracy, where values closer to 1 indicate a higher simulation
accuracy. A Kappa coefficient exceeding 0.8 signifies that the simulation accuracy of the
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model is statistically satisfactory [53]. For the simulation results, the Kappa coefficient
was 0.87 and the overall accuracy was 0.94. This shows a strong resemblance between
the simulation results for 2020 and the spatial pattern of the modelling results, further
validating the model’s reliability.

3.3. Measurement of the ESV

In this study, a grid resolution of 300 m × 300 m [54,55] was used as the unit of
analysis to quantify the ESV within the study area, employing the equivalent factor method.
Originally proposed by Costanza [6] et al., this method was later improved by Xie [43]
et al., who derived the equivalent ESV for China. Based on Xie’s equivalent values for
various land use types, this study further revised the equivalent factor table using findings
from relevant research, as well as data on grain prices and the net primary productivity
(NPP) specific to Beijing. The revision formulas are provided in Equations (7) and (8), and
the calculation formula for ESV is given in Formula (9). The ESV coefficients for the study
area are presented in Table 4.

Et =
1
7
× Tt

Xt
(7)

Table 4. ESV coefficient per unit area in Beijing’s Green Belts.

First Category Second Category
ESV Factor/(CNY·hm−2·a−1)

Total
Cropland Woodland Grassland Water Unused Land

Provisioning
services

Food production
(FP) 2018.79 736.27 522.51 1900.04 0 5177.61

Raw material
production (RMP) 950.02 1686.29 783.77 546.26 0 3966.34

Water supply
(WS) 47.5 878.77 427.51 19,689.16 0 21,042.94

Regulating
services

Gas regulation
(GR) 1591.28 5581.37 2707.56 1828.79 47.5 11,756.5

Climate regulation
(CR) 855.02 16,696.60 7172.65 5438.86 0 30,163.13

Hydrological
regulation

(HR)
237.51 4726.35 2375.05 13,181.53 237.51 20,757.95

Waste
reconciliation

(WR)
641.26 8336.43 5248.86 242,825.11 71.25 257,122.91

Supporting
services

Maintaining the
soil

(MS)
2446.30 6792.64 3301.32 2208.80 47.5 14,796.56

Maintaining
biodiversity

(MB)
285.01 522.51 261.26 166.25 0 1235.03

Maintaining
nutrient circulation

(MNC)
308.76 6175.13 3016.31 6056.38 47.5 15,604.08

Cultural
services

Aesthetic
landscape

(AL)
142.50 2707.56 1330.03 4488.84 23.75 8692.68

In the formula, Et represents the economic value of grain yield per unit area
(yuan/hm2); Tt represents the total annual value of grain in the study area (yuan); and Xt

represents the annual sown area of grain in the study area (hm2).

Qt =
NPP

NPPmean
(8)
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In the formula, Qt represents the regional difference coefficient in year t, and NPPmean

represents the NPP of an average level of natural vegetation in China (t·hm−2·a−1).

ESV =
n

∑
i=1

(Ai × VCi) (9)

In the formula, Ai represents the area of land use type i and VCi represents the
ecosystem service value per unit area for the ith land use type.

In order to investigate the spatial differentiation characteristics of ESV in the green
belts of Beijing, the ESV of the study area was divided into 7 classes according to the
geometric segmentation method [56] in the ArcGIS 10.8 standard classification system. The
value intervals of classes I to VII were [0, 8479), [8479, 28,707), [28,707, 76,963), [76,963,
192,086), [192,086, 466,726), [466,726, 1,121,919), [11,121,919, 2,684,970).

4. Results

4.1. LUC from 2000 to 2020

LUC in Beijing’s green belts is predominantly characterized by cropland and construc-
tion land (Table 5). Since 2000, significant construction land expansion has been observed,
increasing by 500.78 km2. Conversely, the cropland area has decreased by 488.47 km2, while
woodland and grassland have decreased by 9.67 km2, 2.37 km2, respectively. A substantial
amount of cropland has been converted into construction land, with a transfer volume of
497.86 km2. Additionally, woodland and water have been converted into cropland, with
transfer volumes of 14.52 km2, and 5.89 km2, respectively. Meanwhile, some cropland
has transitioned to woodland and water, with transfer volumes of 6.89 km2 and 5.69 km2,
respectively. Overall, the region exhibits a trend of woodland and water being converted
into cropland, and cropland being converted into construction land. In terms of the spatial
distribution, construction land is concentrated in the central region, cropland dominates
the peripheral areas, and woodland is primarily distributed in the northwestern areas near
Beijing’s shallow mountainous regions and along the Yongding River (Figure 4). Between
2000 and 2020, construction land in the central urban area expanded significantly, reflecting
the ongoing process of urbanization. This expansion of construction land was accompanied
by a decrease in cropland, woodland, grassland, and watersheds.

Table 5. Land use area and single land use dynamics.

Land Use Type Cropland Woodland Grassland Water Unused Land
Construction

Land

Area/km2

2000 1091.27 124.86 3.48 21.28 0.05 817.26
2005 885.92 121.26 2.84 18.31 0.03 1029.82
2010 730.35 123.38 3.61 17.33 0.03 1183.50
2015 637.85 113.63 1.60 21.62 0.02 1283.47
2020 602.80 115.18 1.11 21.00 0.05 1318.04

K/%

2000–2005 −3.76 −0.58 −3.65 −2.78 −9.12 5.20
2005–2010 −3.51 0.35 5.38 −1.08 0.00 2.98
2010–2015 −2.53 −1.58 −11.14 4.95 −5.16 1.69
2015–2020 −1.10 0.27 −6.10 −0.57 26.96 0.54
2000–2020 −2.24 −0.39 −3.40 −0.06 −0.26 3.06
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Figure 4. LUC from 2000 to 2020. (a) Land use; (b) Land use change.

4.2. Probability of Expansion of LUC

The contribution of driving factors to the main land cover types (cropland, wood-
land, water, construction land) and the spatial probabilities of land use development are
presented in Figure 5. Significant differences were observed in the contribution of each
driving factor to the distribution of various land cover types. For cropland, DEM and POP
exhibited the highest explanatory contributions. In contrast, for forest land dynamics, the
DEM and average temperature demonstrated the greatest driving contributions. These
findings highlight the varying degrees of influence that different drivers exert on the spatial
distribution of specific land cover types.

Figure 5. Cont.
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Figure 5. (a) Atlas of expansion probability; (b) Contribution of drivers to expansion.

4.3. LUC Simulation Results for Different Scenarios in 2035

Figure 6 illustrates the spatial distribution of projected land use types for 2035. Table 6
presents the corresponding quantitative data, including the area and the percentage
change relative to the baseline year 2020, demonstrating notable shifts and trends in
land use dynamics.

 

Figure 6. Simulation of spatial distribution of land use under different scenarios in 2035.
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Table 6. Prediction of land use structure under different scenarios.

Year Index Cropland Woodland Grassland Water Unused Land
Construction

Land

2020 Area/km2 602.80 115.18 1.11 21.00 0.05 1318.04

2035 NDS
Area/km2 510.33 117.69 0.53 19.79 0.05 1409.80

change −92.47 2.51 −0.58 −1.21 0.00 91.76

2035 EPS
Area/km2 578.54 117.63 0.83 21.00 0.05 1340.13

change −24.26 2.45 −0.28 0.00 0.00 22.09

2035 CPS
Area/km2 590.23 116.54 0.82 20.54 0.05 1330.01

change −12.57 1.36 −0.29 −0.47 0.00 11.97

In NDS, land use changes are projected to continue along the trends observed between
2015 and 2020. Construction land is expected to expand by 91.76 km2, primarily in the
northern part of Haidian District, the eastern part of Chaoyang District, the northwestern
part of Daxing District, and the northeastern part of Fangshan District. Meanwhile, crop-
land is projected to decrease by 92.47 km2. Grassland and water bodies are also anticipated
to decrease by 0.58 km2 and 1.21 km2, respectively.

In EPS, the expansion of construction land will slow down, and the decrease in culti-
vated land will decelerate. The rate at which cultivated land is converted into construction
land will diminish. Grassland and water bodies are expected to remain largely unchanged,
while woodland will experience a slight increase. Specifically, construction land will ex-
pand by 22.09 km2, cultivated land will decrease by 24.26 km2, and forestland will increase
by 2.45 km2. Furthermore, 0.7 km2 of grassland and 0.42 km2 of water bodies will be
converted into woodland. Land use conversions from cropland, grassland and water will
occur in the eastern Fangshan District, the eastern Mentougou District, and the western
Haidian District.

In CPS, the conversion of cropland to construction land will decrease significantly.
Construction land will increase by 11.97 km2, while cropland will decrease by 12.57 km2.
Woodland will experience a slight increase of 1.36 km2, and both grassland and water
bodies will decrease slightly, by 0.29 km2 and 0.47 km2, respectively.

4.4. ESV Simulation Results for Different Scenarios

Figure 7 and Table 7 illustrate the ESV of Beijing in different years (2000, 2010, 2020),
along with projections for 2035 under the NDS, EPS, and CPS in 2035.

Table 7. ESV for each ecological service type under multi-scenario modeling/million yuan.

First Category Second Category 2000 2010 2020
2035

NDS EPS CPS

Provisioning services
FP 233.72 160.01 134.22 115.48 129.60 131.68

RMP 126.16 91.42 77.92 69.45 76.18 76.91
WS 58.20 48.59 54.38 51.75 54.56 53.52

Regulating services

GR 248.17 189.23 164.35 150.66 162.37 162.95
CR 315.85 280.46 256.07 251.28 259.44 256.81
HR 113.81 99.36 96.70 93.96 97.73 96.37
WR 692.63 572.40 645.19 611.67 646.67 634.20

Supporting services
MS 357.62 267.49 230.71 209.33 227.06 228.36
MB 38.07 27.64 23.58 21.04 23.06 23.27

MNC 124.73 110.32 102.79 100.58 104.12 102.88

Cultural services AL 59.37 52.07 49.35 48.09 49.92 49.29

Total 2368.35 1899.00 1835.26 1723.28 1830.72 1816.23
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Figure 7. ESV simulation results.

In terms of provisioning services, the value of FP, RMP and WS have all decline
between 2000 and 2020. For example, the value of FP will decline from CNY 233.72 million
in 2000 to CNY 134.22 million in 2020. Under the projected scenarios for 2035, these values
are expected to differ, with the NDS showing the lowest values, and the EPS indicating
relatively higher values.

In regulating services, the values of GR, CR, HR, and WR are also projected to exhibit a
downward trend. Among these, WR maintains the highest value, with the most significant
differences anticipated across the forecasted scenarios for 2035. Specifically, under EPS, the
value of WR is projected to reach CNY 646.67 million, but under the NDS, it is forecasted to
be only CNY 611.67 million.

For supporting services, the values associated with MS, MB and MNC have also
declined. For instance, the value of MS was CNY 357.62 million in 2000, decreasing to CNY
230.71 million by 2020. When considering the projected scenarios for 2035, these values
are expected to vary according to different development scenarios. However, the overall
magnitude of change is likely to be relatively small.

The aesthetic landscape value within cultural services has also exhibited a downward
trend, dropping from CNY 59.37 million in 2000 to CNY 49.35 million in 2020. For the
projected scenarios in 2035, the differences in these values across various development
scenarios are expected to be relatively small.

Overall, farmland in Beijing has demonstrated a downward trend from 2000 to 2020.
In the projected scenarios for 2035, these values will vary depending on the chosen devel-
opment scenarios. However, in general, the ESV will be relatively higher under the EP
development scenario. This indicates that while promoting economic and social develop-
ment, prioritizing ecological environmental protection plays a crucial role in enhancing
the ESV.

5. Discussion

5.1. Comparison with Previous Studies

The rapid urbanization of Beijing’s greenbelt areas has triggered significant land use
transitions and ecosystem service degradation over the past two decades. Our findings
revealed a pronounced shift from ecological and agricultural land such as forests, water
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bodies, and croplands to urban construction, aligning with global patterns of peri-urban
land conversion under urban sprawl pressures [57]. Notably, the net loss of 488.47 km2 of
cropland and 497.86 km2 of cropland-to-construction conversion between 2000 and 2020
underscore the dominance of economic development priorities, reflecting China’s broader
urbanization trajectory [58]. The divergent contributions of driving factors, including DEM,
population and temperature, to land cover changes highlight the complexity of urbaniza-
tion processes. The prominent role of DEM in shaping the distribution of croplands and
forests aligns with previous findings from Wuhan [59]. In our study, the distance to roads
exhibited a relatively low contribution to land use transitions, diverging from observations
in Wuhan’s urban context. This discrepancy can be attributed to Wuhan’s implementation
of a transit-oriented development (TOD) strategy, emphasizing transportation corridors
along metro lines and major highways, whereas Beijing’s central urban area follows a
monocentric outward expansion pattern characterized by radial development from its
historical core. Meanwhile, population emerged as a key driver of cropland conversion,
reinforcing the role of population growth in land use conflicts—a phenomenon well docu-
mented in the rapidly developing Chongqing [60] region. Scenario analyses revealed stark
contrasts in ESV trajectories. The natural development scenario’s 91.76 km2 construction
land gain and associated ESV decline exemplified the environmental costs of unregulated
urban growth. In contrast, the EPS’s moderated land conversion and partial ESV recovery
demonstrated the viability of targeted conservation policies. These results resonate with
analogous studies [42].

5.2. Discussion on Land Use and Ecological Conservation Policies

The study revealed that from 2000 to 2020, approximately 497.86 km2 of cropland
underwent conversion into construction land. This rapid transformation underscores
the urgent need for land use policy optimization. Future urban development strategies
should prioritize brownfield redevelopment over cropland encroachment. Implementation
approaches could include land consolidation and intensive utilization strategies, specifically
through spatial optimization measures such as green space restoration, industrial structure
adjustment, old village renovation, and illegal structure demolition to achieve construction
land conservation.

Under the EPS, the research demonstrated significantly enhanced ESV, with the hy-
drological regulation value reaching CNY 646.67 million compared to 611.67 million under
NDS. This divergence emphasizes the necessity of proactive ecological conservation mea-
sures. A “negative list” system could be established to restrict construction activities in eco-
logically sensitive zones, particularly critical forest–water interface areas near mountainous
regions and the Yongding River watershed. Expanding protected areas along northwestern
riparian corridors would facilitate wetland rehabilitation and urban green space expansion,
thereby enhancing the capacity of climate regulation and biodiversity conservation to offset
the 1.21 km2 water body loss projected under natural development patterns.

The quantitative analysis of ESV revealed substantial losses: grain production declined
by 49% and the soil retention capacity decreased by 35% between 2000 and 2020. These
outcomes emphasize the imperative of integrating ESV assessments into urban and regional
planning processes. It is recommended that ESV metrics be adopted to quantify cross-
regional ecological responsibilities, ensuring compensation mechanisms where beneficiaries
compensate ecosystem service providers. Predictive models utilizing drivers such as DEM
and population data should be developed to provide early warnings of detrimental land use
conversions. Furthermore, establishing an interdepartmental committee—encompassing
agricultural, ecological, and urban planning authorities—would align policies with the
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Sustainable Development Goals and ensure the transparent management of trade-offs
between construction demands and ESV preservation.

5.3. Limitations

This research has some constraints. In research utilizing multi-source data, the sim-
ulation accuracy was constrained by the driving factor data limitations imposed by data
providers. Future investigations could employ updated, higher-precision data with unified
temporal consistency for prediction, which would significantly enhance the forecasting
accuracy. Moreover, the three scenario configurations adopted in this research may not
comprehensively capture the potential impacts of future policy changes, suggesting that
subsequent studies could establish additional policy scenarios for comparative analysis.
Additionally, future research might also integrate more advanced methodologies, such as
the GMOP [61] approach, to refine the mathematical modeling of policy elements’ influence
on land use scenarios, which might yield more precise predictive outcomes.

6. Conclusions

This study utilized data from 2000 to 2020, adopted revised standard equivalent
factors, and integrated the PLUS model to simulate land use in Beijing’s Green Belt Area
under three scenarios—NDS, EPS, and CPS—for the year 2035. The analysis focused on
predicting the spatiotemporal evolution of ESV under these scenarios.

The study shows that from 2000 to 2020, land use in Beijing’s Green Belt Area was
dominated by cropland and construction land. Construction land expanded significantly,
increasing by 500.78 km2, while cultivated land decreased by 488.47 km2. Additionally,
woodland, grassland, and water bodies also declined. The overall trend indicated the con-
version of woodland and water bodies into cropland, and subsequently, the transformation
of cropland to construction land. By 2035, under the NDS, construction land is projected
to increase by 91.76 km2, accompanied by decreases in cropland, grassland, and water
bodies. In contrast, under the EPS, the growth of construction land is expected to slow
down, with an increase of 22.09 km2. The decrease in cropland will also decelerate, and
the rate of conversion from cropland to construction land will decrease. Grassland and
water bodies are anticipated to remain largely unchanged, while woodland will experience
a slight increase. Similarly, under the CPS, the conversion of cropland to construction
land will decrease significantly, resulting in an increase in construction land of 11.97 km2.
Woodland will increase, while grassland and water bodies will decrease slightly. In terms
of ecosystem service assessment, the projected ESV for 2035 is CNY 1830.72 million under
the EPS, exceeding CNY 1816.23 million for the CPS and CNY 1723.28 million for the NDS.
Among the individual ESV components, WR and CR will remain dominant. The EPS
demonstrates the potential to achieve higher economic benefits in terms of ESV.

The innovations of this study are mainly reflected in the following aspects: First, it
focuses on the Beijing Green Separation Area, a representative region of land use conflict.
By collecting and analyzing land use data at five time points (2000, 2005, 2010, 2015, and
2020), the study constructed a detailed temporal basis for land use change, providing
a robust foundation for understanding long-term trends and transitions. Thirteen key
driving factors were selected by comprehensively considering both natural and socio-
economic dimensions, allowing for an in-depth analysis of the intrinsic driving forces and
likelihood of land use transformation. Secondly, the study integrates the PLUS model,
a cutting-edge tool in land use simulation. By designing scenarios for NDS, EPS, and CPS,
it simulated the land use status of the Green Separation Area in 2035 under different policy
orientations. These simulations offer a scientific basis for effective land management and
policy formulation. Finally, the study enhances the accuracy of ESV, by using the equivalent
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value factor method of Xie as the theoretical basis. The equivalence factor table was revised
using Beijing-specific data, such as its food price and NPP, thereby improving the precision
of the valuation.
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Abstract: With the goal of sustainable urbanization, eco-cities have garnered significant
global attention in recent decades. Unlike eco-city renovation or renewal, the construc-
tion of a new eco-city represents a comprehensive urbanization process that integrates
environmental sustainability with livability. To evaluate the outcomes of new eco-city
construction in China, this study employs a dual approach combining objective achieve-
ments and residents’ subjective satisfaction to systematically examine the Sino-Singapore
Tianjin Eco-City. The analysis encompasses five dimensions: environmental amenity, life
safety, residential functionality, traffic capability, and economic well-being, with the relative
weights of specific indicators determined through the entropy method, expert scoring,
and analytic hierarchy process. The findings reveal that based on objective indicators, the
eco-city’s overall performance nearly doubled during its first phase of development, with
life safety showing the most notable improvements. However, subjective assessments re-
vealed that overall resident satisfaction remained below 70%, with residential functionality
receiving the highest rating. The annual progress of the eco-city did not consistently align
with residents’ needs, and no clear correlation was found between the eco-city’s current
state and public sentiment. For sustainable development, the eco-city must address its
shortcomings and better cater to residents’ demands across various dimensions through
targeted and effective strategies.

Keywords: eco-city; achievements; satisfaction; China; Sino-Singapore Tianjin Eco-City

1. Introduction

Recent decades have witnessed rapid urbanization alongside worsening environmen-
tal conditions in numerous countries [1]. With half of the world’s population now residing
in urban areas, city development often prioritizes short-term economic gains and relies
on intrusive consumption and production practices, significantly undermining environ-
mental sustainability [2]. High emissions, extensive land use, and uncontrolled urban
sprawl are key drivers of unsustainable urbanization. To address these challenges, various
solutions, such as the green economy, smart growth, and compact development, have been
proposed [3–5]. Among these approaches, the concept of the eco-city, an integration of
multiple strategies for sustainable urbanization, has garnered particular attention [6,7].
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Regarded as a “technological fix”, eco-city initiatives have been implemented world-
wide, focusing primarily on environmental regeneration, economic transformation, and
sustainable urban development [8]. Examples include the development of green buildings
and clean energy industries in Freiburg, Germany, and the ecological redevelopment of
industrial areas in Hammarby, Sweden [9,10]. Some eco-cities have emphasized social
sustainability and public welfare, such as community rebuilding programs in Aswan,
Egypt [11]. Others have prioritized ecological construction methods, such as the U-City
plan in Songdo, South Korea, which integrates smart city technologies with eco-city princi-
ples [12]. Based on different ideas, most eco-cities worldwide have expanded from existing
urban areas or retrofitted existing infrastructure, while only a small fraction have been
constructed on undeveloped land [13]. Notable among these is Masdar City in Abu Dhabi,
a solar-powered eco-city built in the desert [14].

China’s eco-city projects, though late to start, have developed rapidly [15]. Over the
past 30 years, China has established more than 100 eco-cities, incorporating advanced
planning concepts, a strong emphasis on human–nature relationships, and a focus on
improving livability [16–19]. The turning point for eco-city construction in China came in
2002 during the Fifth International Conference on Eco-Cities in Shenzhen, which marked
the transition from theoretical discussion to practical implementation. Building on this mo-
mentum, several landmark projects have emerged, each showcasing unique approaches to
eco-city development. The Dongtan Eco-City and the Chongming Eco-Island in Shanghai,
for instance, feature forward-looking planning for self-sufficient development with green
technologies [20]. The Caofeidian International Eco-City highlighted the use of technology
in urban construction, embodying several characteristics of techno-cities [21]. Suzhou
focused on eco-industrial park development with strict environmental regulations and
an increased emphasis on the tertiary sector in economic growth [22]. Rizhao pursued
a circular economy eco-city model, enhancing resource efficiency and reducing environ-
mental burdens [23]. Notably, the Sino-Singapore Tianjin Eco-City, the first state-level
cooperative project of its kind, has been a pioneer in environmental protection, resource
conservation, and improving living conditions. However, these eco-city projects have also
faced critical discussions regarding multiple aspects, such as insufficient social resilience,
unfulfilled spatial rights for urban poor populations, lack of concrete pathways for public
participation and democratic decision-making mechanisms, raising concerns about the
actual effectiveness of eco-city construction [24–26].

To evaluate the effectiveness of eco-city construction, various index systems have been
proposed [27,28]. Unlike traditional urban indices, which emphasize economic growth,
eco-city indices focus on the sustainable development of entire urban systems [29–31].
These assessments typically consider ecological, social, and economic dimensions [32].
Many eco-cities have developed their own Key Performance Indicators (KPIs) to mea-
sure progress and environmental changes [33,34]. While these indices effectively capture
objective achievements, they often fail to reflect residents’ satisfaction.

In the meantime, for a better understanding of the public perceptions of eco-city con-
struction, studies have also examined subjective assessments of ongoing projects. Surveys
in European cities have shown that residents’ perceptions correlate with eco-efficiency,
reflecting the integration of ecological and socio-economic practices [35]. In China, field
surveys have explored community-level perceptions of eco-urbanization and investigated
residents’ needs and satisfaction through questionnaires [36,37]. Recent years have seen
increasing attention to the social impacts of eco-cities, yet no universal standard for people-
oriented eco-city construction has been established [38].

To fill these gaps, this study attempts to amplify the otherwise muted voices of
residents by incorporating public feedback into the eco-city evaluation framework. By
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systematically juxtaposing subjective satisfaction with objective performance metrics, it
assesses both the actual efficacy of newly constructed eco-city projects and the limitations
of technocratic indicators. In addition, this study identifies key challenges and offers policy
recommendations to advance the sustainable development of eco-cities. In doing so, it
refines critical discussions on eco-city models under authoritarian contexts and contributes
context-sensitive insights to the broader international debates on sustainable urbanism.

The remainder of this paper is organized as follows. Section 2 outlines the research
materials and methods, evaluating the efficacy of new eco-city development through a dual
analytical framework: objective achievement and subjective satisfaction. Section 3 visually
synthesizes the empirical findings, presenting comparative results for both objective and
subjective indicators. Section 4 critically examines the (dis)parities between these indicators,
highlighting systemic challenges in current eco-city planning and offering policy-relevant
recommendations to enhance urban sustainability. Finally, Section 5 concludes by consoli-
dating key insights and their implications for future research and practice.

2. Materials and Methods

2.1. Materials

The Sino-Singapore Tianjin Eco-City is located in the Binhai New Area of Tianjin,
45 km away from the central city, and adjacent to the Coastal Tourist Area (CTA), the
Tianjin Port (TP), and the Tianjin Economic–Technological Development Area (TEDA) (see
Figure 1). With the goal of building an ecological and livable city on deserted land, the
planning scheme was triggered in 2007. It has been planned to cover an area of 30 square
kilometers and accommodate a population of 350,000, and the advantageous transportation
with high-speed, aviation, railway, and sea routes laid a good foundation for the economic
and social development of the city.

Figure 1. Location and spatial extent of the Sino-Singapore Tianjin Eco-City.

With an emphasis on sustainable development and ecological environment protection,
the Sino-Singapore Tianjin Eco-City is committed to green economy in industry devel-
opment, and special priority is given to the enterprises with high-tech content and high
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added values. By 2018, the number of market entities had surpassed 8300, around 50%
of which were Internet, technological, cultural, and creative companies. Meanwhile, the
number of financial enterprises had reached 1198, along with the registered capital of
CNY 159.3 billion.

For the enhancement of living conditions and ecosystem stability, the Sino-Singapore
Tianjin Eco-City upholds the basic idea of human and natural harmony in the whole
process of urban development. On the one hand, it adopts Singapore’s “neighborhood unit”
concept and establishes a three-level residential system, within which public facilities are
allocated at different scales of space to satisfy the diversified needs of residents in daily life.
On the other hand, it enforces strict controls on energy use and emissions and promotes a
number of ecological restoration projects during these years. By 2018, 13 kindergartens,
6 primary schools, 2 middle schools, 1 large general hospital, and several commercial
centers and parks had been constructed and put into use. The proportion of green buildings
in the eco-city has reached 100%, along with the ratio of green travel reaching 90%. It
has successfully built a complex ecosystem of lake, river, wetland, and green space, and
the total green area of the city has reached 7 million square meters. Furthermore, the
garbage classification has been carried out, fulfilling the harmless treatment of household
waste there.

However, setting aside the positive works above, the development of the new eco-city
also faces many challenges nowadays. Among all of them, the slow population growth
is one of the most prominent, where its current population of 100,000 is still far less than
the anticipated number of 350,000. In this context, the subjective satisfaction of residents
has been gaining more and more attention in recent years. Therefore, this study seeks to
amplify residents’ voices by adopting a mutual-validation approach that cross-examines
subjective satisfaction data and objective achievement data to assess the actual performance
of eco-city construction. On the one hand, we conducted a 20-day random sampling
survey, distributing and collecting over 1000 questionnaires to gather residents’ subjective
evaluations. On the other hand, objective achievement data were obtained from statistical
yearbooks and government portals. All the raw data—both subjective and objective—
underwent standardized preprocessing prior to analysis.

2.2. Methods

To investigate the actual efficacy of new eco-city construction, we developed an
analytical framework to visualize the methodological sequencing (see Figure 2).

Multidimensional analysis serves as a robust methodological approach for evaluating
the performance of eco-city construction. Guided by the principles of sustainability and
livability, this study evaluates the outcomes of new eco-city construction through both
objective achievements and residents’ subjective satisfaction across five key dimensions:
environmental amenity, life safety, residential functionality, traffic capability, and economic
well-being. Environmental amenity, a fundamental component of eco-cities, embodies the
harmonious integration between the urban environment and the society [39]. While life
safety and residential functionality demonstrate the livability of a city in people’s daily life,
traffic capability and economic well-being largely determine the living conditions of resi-
dents with respect to economic and social life [40–43]. The specific indicators and surveyed
elements corresponding to each dimension will be elaborated on in subsequent sections.
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Figure 2. Methodological workflow of analytical framework.

2.2.1. Objective Achievement Assessment

Drawing upon existing evaluation frameworks documented in statistical yearbooks
and the scholarly literature [44–46], this study selects specific indicators from the afore-
mentioned five dimensions (see Table 1) to objectively assess the outcomes of eco-city
construction. This research comprehensively incorporates both positive and negative indi-
cators, standardizing the data to ensure comparability across metrics. Furthermore, the
entropy method is employed to determine the relative weights of each indicator.

Table 1. Indicators for the objective assessment of the eco-city’s achievements.

First-Level Indicators Second-Level Indicators Unit

Environmental
amenity

(X1)

Days with good air quality (X11) days
Urban sewage treatment rate (X12) %

Industrial solid waste disposal and utilization rate (X13) %
Household waste disposal rate (X14) %

Green coverage rate in built-up areas (X15) %
Green park area per capita (X16) m2/person

Population density of built-up areas (X17) persons/km2

Life
safety
(X2)

Emergency shelter area per capita (X21) m2/person
Criminal cases registered (X22) cases/10,000 persons
Deaths in traffic accidents (X23) deaths/10,000 vehicles

Deaths in fire accidents (X24) deaths/10,000 persons
Deaths in production accidents (X25) deaths/CNY 100 million

Residential
functionality

(X3)

Number of kindergartens (X31) kindergartens/10,000 persons
Number of fundamental education schools (X32) schools/10,000 persons

Number of hospital beds (X33) beds/10,000 persons
Number of cultural centers (X34) centers/10,000 persons

Business volume of post and telecommunications (X35) CNY/person
Internet fiber optic cable to the household rate (X36) %

157



Land 2025, 14, 1225

Table 1. Cont.

First-Level Indicators Second-Level Indicators Unit

Traffic
capability

(X4)

Density of public transport network (X41) km/km2

Road network area per capita (X42) km2/person
Rail transit mileage (X43) km/10,000 persons
Number of buses (X44) buses/10,000 persons
Number of taxis (X45) taxis/10,000 persons

Economic
well-being

(X5)

Average salary of people (X51) CNY/year
Average disposable income (X52) CNY/year

Social assistance expenditure ratio (X53) %
Unemployment insurance coverage (X54) %

Endowment insurance coverage (X55) %
Medical insurance coverage (X56) %

Specifically, environmental amenity indicators focus on measuring environmental
improvement and protection outcomes, primarily encompassing three aspects: air quality,
waste disposal rate, and livability. Life safety is operationalized through various metrics
related to socio-economic activities, including emergency facilities and accident-related
losses. Residential functionality indicators capture multifaceted living conditions, incorpo-
rating education, healthcare, cultural amenities, and social interaction opportunities. Traffic
capability indicators primarily reflect the development and operational status of public
transit systems, including both transportation networks and specific modes of transport.
Economic well-being, meanwhile, is measured through indicators such as income levels,
expenditure patterns, and coverage rates of various social welfare programs.

Due to the different data types and units, the selected indicators are not comparable
in their original forms. Thus, it is required that the indicators be normalized before data
treatments. Distinguishing between the indicators with positive meanings (e.g., X11, X12)
and indicators with negative meanings (e.g., X22, X23), a dichotomous approach for data
normalization is adopted here.

Assuming that there are n indicators for evaluation, the states of the eco-city in m
years can be expressed as a matrix C =

{
cij
}

m×n (i = 1, 2, . . . , m; j = 1, 2, . . . , n), and the
normalized dataset Q =

{
qij

}
m×n is able to be calculated with the following formula:

Positive Indicator:

qij =
cij

sj
(i = 1, 2, . . . , m; j = 1, 2, . . . , n) (1)

Negative Indicator:

qij =
sj

cij
(i = 1, 2, . . . , m; j = 1, 2, . . . , n) (2)

where cij and qij are the original value and the normalized value of the jth indicator in the
ith year, respectively, and sj is the standard value of the jth indicator.

After data normalization, the entropy method is then employed to determine the
relative weights of the indicators. Different from subjective weighting methods, the entropy
method is purely based on the data themselves and has a sound theoretical basis for the
evaluation of objective changes [47]. The higher the degree of the value change is, the
bigger the weight of the corresponding indicator would be, reflecting a greater contribution
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to the ultimate result; otherwise, it is smaller. Mathematically, the weight of each indicator
can be calculated with the following formula:

pij =
Indij

m
∑

i=1
Indij

(3)

ej = −k
m

∑
i=1

pij ln(pij) (4)

wj =
1 − ej

n
∑

j=1
(1 − ej)

(5)

where Indij stands for the index value of the jth indicator in the ith year, pij is the proportion
of the jth indicator’s index value on the basis of the accumulative value of all the related
indicators in the ith year, ej is the entropy of the jth indicator, and wj is the jth indicator’s
relative weight. k is the Boltzmann constant, which satisfies k = 1/ln(m). As for the index
value Indij, when it corresponds to a second-level indicator, Indij = qij.

According to the grouping and layered relationships of indicators, the index values
were calculated hierarchically for the assessment of the eco-city’s achievements at different
levels. First, with the index values and the weights of the second-level indicators in different
groups, the index values of the first-level indicators were calculated. Second, based on
the indexes of all the first-level indicators and their relative weights calculated with the
entropy method, a comprehensive index was obtained as the overall assessment of the
eco-city. The numerical calculation process of the indexes is as follows:

Indiu =
Num(u)

∑
j=1

(wj(u)× Indij(u)) (6)

Indi =
D

∑
u=1

(wu × Indiu) (7)

where Indiu and Indi stand for the index value of the uth first-level indicator and the
comprehensive index value of the eco-city in the ith year, respectively, Num (u) represents
the number of subordinate second-level indicators of the uth first-level indicator, Indij (u) is
the ith year’s index value of the jth subordinate indicator of the uth first-level indicator,
wj (u) is the weight of the jth indicator among all the subordinate indicators of the uth
first-level indicator, and wu is the relative weight of the uth indicator among all the D
number of first-level indicators of the eco-city. In our study, D = 5.

2.2.2. Subjective Satisfaction Investigation

To evaluate residents’ subjective satisfaction with the new eco-city construction, this
study conducted a comprehensive random sampling survey (20-day duration) covering five
representative residential communities in the Sino-Singapore Tianjin Eco-City, collecting
1000 valid responses from 1152 distributed questionnaires (86.81% response rate). Aside
from the personal attributes of respondents, the topics and elements of the survey were
designed in accordance with the indicators for objective assessment (see Table 2). Each topic
involved several elements, and each element could be rated in five grades, which were
“very satisfied”, ”satisfied”, “neutral”, “dissatisfied”, and “very dissatisfied”. For special-
ized urban performance indicators beyond general public knowledge, the study employed
adapted measurement approaches—assessing “life safety” through safety situation indi-
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cators and evaluating “traffic capability” via both purposeful travel and non-commuting
daily travel. This methodological design ensures the subjective investigation maintains con-
ceptual consistency with the objective assessment framework while effectively capturing
residents’ lived experiences of eco-city construction.

Table 2. Topics and elements of the subjective survey.

Surveyed Topic Surveyed Elements

Environmental amenity

Atmosphere environment quality (AEQ)
Water environment quality (WEQ)

Ecological environment quality (EEQ)
Emission pollution control (EPC)

Noise pollution control (NPC)
Community green space (CGS)

Green activity space (GAS)

Life safety

Urban safety situation (USS)
Community safety situation (CSS)

Traffic safety situation (TSS)
Accident safety situation (ASS)

Residential functionality

Convenience of children’s education (CCE)
Convenience of medical treatment (CMT)

Convenience of recreation and entertainment (CRE)
Convenience of social communication (CSC)

Traffic capability
Traveling in daily life (TDL)

Traveling to city center (TCC)
Traveling to study and work (TSW)

Economic well-being

Family income status (FIS)
Material life level (MLL)

Endowment insurance level (EIL)
Medical insurance level (MIL)

As a reflection of subjective demand intensities, the weights of factors (topics or el-
ements) in different levels were determined by means of expert scoring and the analytic
hierarchy process (AHP) method. Through pairwise comparison of related factors, the
corresponding judgement matrix of experts A = {aij}N×N was established. When the judge-
ment matrix passed the consistency test, the weights of the elements W = {wi}N could be
calculated with the following formula:

ai = N

√√√√ N

∏
j=1

aij (8)

wi =
ai

N
∑

i=1
ai

(9)

where N is the number of related factors for discussion, aij represents the relative importance
of the ith factor compared with the jth factor, ai stands for the average importance of the ith
factor, and wi is the weight of the ith factor.

According to the grouping and layered relationships of different factors, several
judgement matrices were determined by experts independently at different levels, and a
hierarchical set of weights was able to be calculated. With the surveyed results and the
hierarchical weights obtained, the satisfaction of residents was summarized in different
dimensions and also as a whole. For the integrity of the results, the fuzzy comprehensive
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evaluation (FCE) method was adopted in the process of satisfaction summarization, which
can be expressed as the following functions:

Bu = W(u)×

⎡
⎢⎢⎢⎢⎣

B1(u)
B2(u)

...
BNum(u)(u)

⎤
⎥⎥⎥⎥⎦= (w1(u), w2(u), . . . , wNum(u)(u))×

⎡
⎢⎢⎢⎢⎣

b11(u) b11(u) . . . b1G(u)
b21(u) b21(u) . . . b2G(u)

...
... . . .

...
bNum(u)1(u) bNum(u)2(u) . . . bNum(u)G(u)

⎤
⎥⎥⎥⎥⎦ (10)

B = W ×

⎡
⎢⎢⎢⎢⎣

B1

B2
...

BD

⎤
⎥⎥⎥⎥⎦ = (w1, w2, . . . , wD)

⎡
⎢⎢⎢⎣

b11 b12 . . . bDG

b21 b22 b2G

bD1 bD2 bDG

⎤
⎥⎥⎥⎦ (11)

where B = {bi, b2,..., bG} and Bu = {bu1, bu2,..., buG} stand for the fuzzy sets of the overall
satisfaction value and the satisfaction of residents in the dimension of the uth topic, respec-
tively. G is the number of grades for subjective scoring, Num (u) represents the number of
surveyed elements of the uth topic, Bi (u) = {bi1 (u), bi2 (u),..., biG (u)} is the fuzzy set of the
assessment of the ith subordinate element of the uth topic, W (u) = {w1 (u), w2 (u), ..., wNum

(u) (u)} is the weight vector of the subordinate elements of the uth topic, and W = {w1, w2, ...,
wD} is the weight vector of all the D number of topics for investigation. In our study, G = 5,
D = 5.

Furthermore, with the grade-score mapping vector M = {m1, m2,..., mG}, each fuzzy set
Bi = {bi1, bi2,..., biG} can be converted to a specific score, intuitively reflecting the subjective
satisfaction degree of residents. The calculation process is as follows:

vi = M × BT
i = (m1, m2, . . . , mG)

⎡
⎢⎢⎢⎢⎣

bi1

bi2
...

biG

⎤
⎥⎥⎥⎥⎦ (12)

where vi stands for the score of residents’ satisfaction in some i dimension, corresponding
to a certain topic of the subjective survey or the overall state of the eco-city. In our study,
the grade-score mapping vector M was set as {100, 75, 50, 25, 0}, representing differentiated
degrees of satisfaction with equal intervals. Based on the specified vector M, vi will fall
in the range of [0, 100]. A score of 0 means being totally dissatisfied, a score of 100 means
being totally satisfied, and a score of 50 indicates a neutral attitude.

3. Results

3.1. Objective Achievements of Eco-City Construction

The original data for objective achievement assessment were collected from the Tianjin
Statistics Yearbook, the Statistics Yearbook of Tianjin Binhai New Area, and government
websites. Taking the statistics in 2010 as the standard values of indicators, the original data
were normalized by means of the method presented in Section 2.2.1, and the results during
the first phase of the city construction, from 2010 to 2017, are shown in Table 3.
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Table 3. Normalized data for objective achievement assessment.

Indicators 2010 2011 2012 2013 2014 2015 2016 2017

X11 1.00 1.02 1.09 1.26 1.50 1.35 1.26 1.17
X12 1.00 1.01 1.03 1.01 1.00 1.41 1.33 1.17
X13 1.00 1.19 1.49 1.19 1.08 1.28 1.72 1.78
X14 1.00 1.07 1.07 1.11 1.13 1.22 1.28 1.32
X15 1.00 1.06 1.00 1.06 1.05 1.06 1.07 1.08
X16 1.00 1.29 1.42 1.53 1.62 1.68 1.85 1.96
X17 1.00 1.09 1.19 1.29 1.28 1.27 1.28 1.30
X21 1.00 1.47 1.59 1.72 1.83 2.20 2.31 2.35
X22 1.00 1.12 1.32 1.21 1.55 1.63 1.82 2.00
X23 1.00 1.36 1.25 1.82 1.71 1.65 1.85 2.00
X24 1.00 1.33 1.55 1.66 1.78 1.62 1.55 1.92
X25 1.00 1.19 1.32 1.45 1.52 1.63 1.85 1.98
X31 1.00 1.00 1.00 1.00 1.32 1.41 1.52 1.63
X32 1.00 1.00 1.00 1.00 1.00 1.00 1.50 2.00
X33 1.00 1.24 1.32 1.42 1.48 1.59 1.68 2.00
X34 1.00 1.21 1.36 1.41 1.58 1.63 1.71 1.92
X35 1.00 1.01 0.99 1.01 1.02 1.03 1.04 1.08
X36 1.00 1.01 1.00 1.01 1.02 1.03 1.04 1.08
X41 1.00 1.11 1.18 1.33 1.42 1.50 1.55 1.63
X42 1.00 1.19 1.59 1.49 1.29 1.42 1.66 1.96
X43 1.00 1.01 1.11 1.31 1.44 1.61 1.80 1.98
X44 1.00 1.00 1.00 1.00 1.02 1.03 1.05 1.17
X45 1.00 1.08 1.15 1.23 1.36 1.54 1.32 1.76
X51 1.00 1.01 1.02 1.02 1.03 1.06 1.07 1.08
X52 1.00 1.07 1.11 1.13 1.22 1.22 1.26 1.32
X53 1.00 1.21 1.32 1.24 1.36 1.42 1.52 1.68
X54 1.00 1.23 1.02 1.41 1.32 1.52 1.32 1.50
X55 1.00 1.17 1.26 1.41 1.63 1.80 1.85 1.92
X56 1.00 1.35 1.27 1.68 1.74 1.88 2.02 2.04

Based on the normalized dataset, the entropies and weights of indicators at different
levels were calculated (see Table 4). According to the entropy weights obtained, the im-
provement of life safety (X2) and residential functionality (X3) actually played a prominent
role in the eco-city construction during 2010–2017. By contrast, the effects of environmental
amenity (X1) improvement were relatively weak, especially in the aspects of household
waste disposal rate (X14), green coverage rate in built-up areas (X15), and population density
of built-up areas (X17).

Table 4. Entropies and weights of indicators for objective achievement assessment.

First-Level
Indicator

First-Level
Indicator
Entropy

First-Level
Indicator
Weight

Second-Level
Indicator

Second-Level
Indicator
Entropy

Second-Level
Indicator
Weight

X1 0.9950 0.115

X11 0.9958 0.135
X12 0.9956 0.142
X13 0.9903 0.312
X14 0.9980 0.064
X15 0.9998 0.006
X16 0.9913 0.282
X17 0.9982 0.059
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Table 4. Cont.

First-Level
Indicator

First-Level
Indicator
Entropy

First-Level
Indicator
Weight

Second-Level
Indicator

Second-Level
Indicator
Entropy

Second-Level
Indicator
Weight

X2 0.9894 0.244

X21 0.9853 0.268
X22 0.9877 0.223
X23 0.9896 0.189
X24 0.9926 0.134
X25 0.9898 0.186

X3 0.9896 0.239

X31 0.9903 0.211
X32 0.9817 0.401
X33 0.9911 0.195
X34 0.9915 0.186
X35 0.9998 0.004
X36 0.9999 0.003

X4 0.9912 0.203

X21 0.9940 0.162
X22 0.9911 0.238
X23 0.9858 0.381
X24 0.9994 0.017
X25 0.9925 0.202

X5 0.9914 0.199

X51 0.9998 0.005
X52 0.9982 0.050
X53 0.9950 0.141
X54 0.9949 0.144
X55 0.9887 0.320
X56 0.9880 0.340

With the normalized data and the weights of the indicators, the objective achievements
of the Sino-Singapore Tianjin Eco-City in different dimensions were able to be quantitatively
assessed, and an integrated assessment was obtained in the end. Judging from the results,
the new eco-city has obviously made significant improvements in the recent decade. With
a steady growth, the integrated assessment had almost doubled during 2010–2017 (see
Table 5).

Table 5. Objective achievement assessments during 2010-2017.

X1 X2 X3 X4 X5
Integrated

Assessment

2010 1.00 1.00 1.00 1.00 1.00 1.00
2011 1.16 1.30 1.09 1.08 1.24 1.18
2012 1.30 1.41 1.13 1.24 1.23 1.26
2013 1.27 1.57 1.16 1.33 1.46 1.37
2014 1.29 1.68 1.27 1.38 1.56 1.45
2015 1.41 1.79 1.32 1.52 1.70 1.56
2016 1.58 1.93 1.58 1.62 1.75 1.71
2017 1.60 2.08 1.90 1.86 1.83 1.89

However, in different dimensions, the developments actually progressed at different
paces (see Figure 3). Under continuous development, the eco-city obtained the most
notable achievements in life safety. While the traffic capability was improved at a relatively
uniform pace during these years, the developments in residential functionality mainly
happened in the later stage. Except for the universal growth in the period of 2010–2011, the
developments in economic well-being alternated with those in environmental amenity, but
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the achievements in environmental amenity generally lagged behind due to the slowing
down and stagnation of developments in 2013, 2014, and 2017.

Figure 3. Progress of the eco-city construction in different dimensions.

3.2. Subjective Satisfaction of Residents

To ensure the representativeness of the subjective investigation, the questionnaire
survey was conducted by means of random sampling in different residential communities
of the Sino-Singapore Tianjin Eco-City. From 10 April 2019 to 30 April 2019, 1152 copies of
the questionnaire were sent out, and 1096 responses were received. Removing incomplete
ones from the received questionnaires, 1000 valid samples were ultimately obtained.

Overall, the surveyed population showed specific demographic characteristics (see
Figure 4). Among the 1000 valid respondents, males and females were roughly balanced,
young ages made up the majority, and well-educated people were the mainstream. While
most of the respondents were from a family of three or four people, the ones from a family
of one or two people also accounted for more than one-third of the surveyed population.
Almost half of the residents were able to make a salary of CNY 4000–6000, and only 3% of
the population earned less than CNY 2000.

According to the respondents’ answers, most of the residents were generally satisfied
with the eco-city’s current state (see Figure 5). Except for the endowment insurance level
(EIL), all the other elements’ satisfaction ratios (satisfied and very satisfied) were over
50%. Especially for the ecological environment quality (EEQ), community green space
(CGS), community safety situation (CSS), and convenience of medical treatment (CMT), the
satisfaction ratios were even over 80%. The convenience of medical treatment (CMT) won
the most positive votes. However, there were also elements with high dissatisfaction ratios.
Over 10% of people were very dissatisfied with the traffic in daily life (TDL), traveling to
study and work (TSW), and endowment insurance level (EIL).
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Figure 4. Demographic characteristics of the surveyed population.

Figure 5. Surveyed results of the residents’ satisfaction with different elements.
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Following the AHP method, 15 scholars in urban planning and 10 experts involved
in the eco-city construction were invited to decide the relative importance of each factor
in the subjective survey. The factors in different levels were compared through the Saaty
1–9 scaling approach, and judgement matrices of the surveyed topics and elements were
constructed. With the formula presented in Section 2.2.2, the hierarchical weights were
then calculated (see Table 6).

Table 6. The weights of different topics and elements.

Surveyed Topics Weight
Surveyed
Elements

Weight

Environmental amenity 0.18

AEQ 0.11
WEQ 0.10
EEQ 0.19
EPC 0.10
NPC 0.11
CGS 0.22
GAS 0.17

Life safety 0.32

USS 0.22
CSS 0.30
TSS 0.28
ASS 0.20

Residential functionality 0.22

CCE 0.38
CMT 0.26
CRE 0.19
CSC 0.17

Traffic capability 0.17
TDL 0.35
TCC 0.20
TSW 0.45

Economic well-being 0.11

FIS 0.26
MLL 0.27
EIL 0.24
MIL 0.23

Based on the surveyed results and the hierarchical weights obtained, the satisfaction
levels of residents with different topics and the overall state of the eco-city were calculated
with the FCE method (see Figure 6). Judging from the overall satisfaction, a ratio of
over 60% were satisfied and very satisfied with the current state of the eco-city. While
environmental amenity and residential functionality received relatively high marks, traffic
capability and economic well-being were not very satisfactory.

Figure 6. Satisfaction levels of residents with different topics and the overall state of the eco-city.
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Converting the fuzzy results to specific scores, the subjective satisfaction of residents
was intuitively measured (see Figure 7). The overall score was 70.08, indicating that there
was still a lot of room for progress in the future. While the score of residential functionality
was near 80, significantly above the overall score, the scores of traffic capability and
economic well-being were just over 60, obviously below the overall score. Furthermore,
the scores of life safety and environmental amenity were similar to the overall score.

Figure 7. The scores measuring the subjective satisfaction of residents.

4. Discussion and Implications

4.1. Correspondence Between the Achievements and People’s Satisfaction

With reference to the objective indicators, the Sino-Singapore Tianjin Eco-City attained
enormous achievements during 2010–2017. However, judging from the results of the
subjective survey, the satisfaction of residents was not as good as the achievements obtained.
There was a poor correspondence between the two in many aspects.

4.1.1. Annual Developments and Demands

In terms of the construction process, the eco-city’s annual developments did not well
conform with people’s demands, which was represented by the subjective weights in
different dimensions (see Figure 8). Numerically, the correlation coefficient between the
changes in the objective indicators and the subjective weights never exceeded 0.50 during
2010–2017.

In 2015–2016, the objective developments and the subjective weights fitted best,
where the corresponding correlation coefficient was 0.45. However, just one year prior, in
2014–2015, the two fitted worst, and the correlation coefficient was −0.43. Although the de-
velopment focus varied over time, the ultimate achievements in different dimensions were
relatively balanced by 2017. Among all the dimensions, life safety occupied the highest
subjective weight, but it achieved the biggest improvement only in 2010–2011. Compar-
atively, economic well-being received the lowest weight, but its objective achievement
increased significantly in 2010–2011 and 2012–2013. Not restricted by the biased demands,
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the eco-city generally developed with a shift in focus from environmental amenity to life
safety and economic well-being, and then to residential functionality and traffic capability.

Figure 8. Annual developments of the eco-city versus people’s demands.

4.1.2. Current States and Feelings

In terms of the construction results, there was also no uniform relationship between
the current states of the eco-city and people’s feelings (see Figure 9), where the correlation
coefficient between the objective assessments and the subjective scores was just −0.05. More
notable achievements in certain dimensions did not necessarily mean a correspondingly
higher satisfaction of residents.

168



Land 2025, 14, 1225

Figure 9. Current state of the eco-city and people’s feelings.

The eco-city had the worst objective assessment in the dimension of environmental
amenity, but the subjective score was high. Conversely, the eco-city had the most outstand-
ing achievements in the dimension of life safety, but people’s subjective satisfaction was
only at a medium level. Referring to the quantitative relationship between the overall objec-
tive assessment and the corresponding subjective score, the achievement of the eco-city in
life functionality had a strong positive effect on the satisfaction of residents. However, as for
traffic capacity and economic well-being, the positive effects of the objective achievements
on people’s satisfaction were limited.

This case demonstrates a pronounced disjunction between subjective perceptions and
objective developments. Residents exhibited relatively higher satisfaction perceptions
toward environmental amenity but lower perceptions toward life safety. Existing research
suggests such perception–development mismatch is a common challenge in eco-city con-
struction: subjective satisfaction with sanitation and greenery tends to be inflated, whereas
development initiatives potentially harming environmental conditions may trigger signifi-
cant discontent [35,36]. This implies that life safety, belonging to basic demand hierarchies,
elicits limited sensitivity to objective improvements; in contrast, environmental amenity,
representing higher-level needs, triggers more acute perceptual responses to changes.

4.2. Problems and Sustainable Development of the Eco-City

In fact, the deviations between the objective achievements and subjective satisfaction
indicated a variety of unsolved problems in the eco-city’s construction. Facing these
problems, the sustainable development of the eco-city should make up for the deficiencies
and meet the needs of residents, improving development quality.

First, from the aspect of environmental amenity, the objective achievements were not
very good, and it seemed to have entered a bottleneck in the later stage. As a restricting
factor of social and economic development, the improvements in environment indicators
always struggled to reach a high level. Most notably, the indicator values of days with good
air quality (X11), urban sewage treatment rate (X12), and green coverage rate in built-up
areas (X15) had all experienced ups and downs during these years and remained at a low
level in the end. The Sino-Singapore Tianjin Eco-City had implemented a comprehensive en-
vironmental indicator system within its KPI framework [25]. Notably, substantial progress
in industrial waste disposal and utilization (X13) coupled with significant park and green
space development (X16) contributed to residents’ relative satisfaction with the current
conditions. However, from the perspective of sustainable development, it is necessary to
introduce as many low-emission, high-tech, high-value-added projects and enterprises
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as possible in the future, optimizing the ways of economic development and controlling
pollution from the source. Meanwhile, to further improve the ecological environment in
urban areas, it is necessary to build diversified environmental protection mechanisms and
carry out more projects on the efficiency enhancement of smoke and sewage treatments.

Second, from the aspect of life safety, the objective achievements were most prominent,
but given China’s longstanding reputation as one of the world’s safest countries, residents’
subjective perceptions remained relatively muted. To effectively enhance people’s sense of
life safety, the eco-city needs to focus on the traffic safety situation (TSS) and accident safety
situation (ASS) in the future. On the one hand, scientific urban safe operation plans ought
to be formulated among multiple sectors, to reduce the occurrence of traffic and production
accidents in daily life; on the other hand, different types of public safety facilities need
to be set up in densely populated areas to improve the disaster prevention and response
capabilities in emergencies. Furthermore, it is also necessary to build an advanced early
warning, prevention, and control system with intelligent technologies to improve the safety
management level of the eco-city overall.

Third, regarding the aspect of residential functionality, the rapid development of
education (X32), medical care (X33), and culture (X34) facilities caused the eco-city to be
highly regarded by the public. Based on the concept of the “neighborhood unit” in the
eco-city construction, all the public facilities were located within walkable distances from
dwellings, greatly improving the convenience of activities of residents in daily life (CCE,
CMT, CRE, and CSC). However, after nearly two decades of development, the social
infrastructure configuration in this new eco-city remains less mature than that of Tianjin’s
central urban area. It has yet to fully incorporate human-scale design principles, resulting
in an ecological enclave lacking social sustainability—a phenomenon well-documented in
prior studies highlighting deficiencies in social interaction, employment opportunities, and
consumption facilities [26,38]. To fully satisfy people’s needs in residential functionality,
the Sino-Singapore Tianjin Eco-City needs to further improve the diversity and quality of
public service provision in the future. Only by continuously improving the quality of life
of residents can the eco-city attract more people to settle in and achieve the anticipated
population eventually.

Finally, regarding the aspects of traffic capacity and economic well-being, people’s
subjective satisfaction levels were both not very high. Although objective assessments
of the former showed significant improvement in recent years, many residents remained
dissatisfied with current conditions regarding traveling in daily life (TDL), traveling to the
city center (TCC), and traveling to study and work (TSW). Notably, despite the consistent
promotion of green mobility options, bicycles and walking failed to gain popularity due to
lifestyle constraints and middle-class preferences, leaving private vehicles as the persis-
tently dominant transportation mode [26]. As for economic well-being, the objective evalua-
tions were merely average, and the core problem was the limited improvements in people’s
salary (X51) and disposable income (X52). Even as a state-led flagship project, the eco-city
appears inevitably constrained by market logic [43]. So, for sustainable development, the
eco-city construction should focus more on the improvement in the socio-economic envi-
ronment in the future. On the one hand, attention needs to be given to the improvement
in urban transportation systems, optimizing the existing public transportation routes and
enhancing the transportation capability across regions; on the other hand, the economic
lives of residents should be of concern, promoting scientific and technological innovation
in economic development and providing more high-end job opportunities for people.
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5. Conclusions

New eco-city construction represents a comprehensive urbanization process aimed
at balancing environmental sustainability with urban livability. As a flagship initiative of
China’s eco-city development, the Sino-Singapore Tianjin Eco-City has made remarkable
progress over the past two decades, particularly in environmental protection, resource
efficiency, and urban functionality. In performance evaluations, national and local govern-
ments typically favor standardized indicators that offer clarity and comparability. However,
the inherent complexity and contextuality of real-world urban processes often render such
metrics inadequate in fully capturing urban realities. Beyond top-down macro-level assess-
ments, it is imperative to incorporate residents’ lived experiences to validate the efficacy
and authenticity of these objective measurements. This study seeks to amplify the other-
wise muted voices of ordinary residents within academic discourse, aiming to prevent the
eco-city from devolving into a disembodied utopian imagination.

The findings reveal a pronounced divergence between objective performance eval-
uations and residents’ subjective satisfaction. Despite near-doubling of the eco-city’s
performance during its first development phase according to official indicators, the overall
resident satisfaction rate has remained below 70%, with 10% of respondents expressing
dissatisfaction or strong dissatisfaction. This gap necessitates a more nuanced investigation
into the determinants of public perception and their alignment—or lack thereof—with
planning objectives. Inadequate environmental amenities, deficiencies in life safety pro-
visions, suboptimal residential functionality, constrained traffic capacity, and underlying
economic difficulties have all undermined the city’s ability to fulfill its residents’ diverse
and evolving needs.

For decades, Chinese urban governance has been critiqued as a form of state-led
elite urbanism. Under this paradigm, major urban decisions are negotiated behind closed
doors by technocrats and sectoral elites. In the case of the Sino-Singapore Tianjin Eco-
City, the technocratic indicators employed as instruments of spatial regulation are far
from infallible, while residents’ subjective feedback—lacking substantive avenues for civic
participation—is often reduced to survey data at best. Notably, although policy documents
frequently invoke terms such as “democratic decision-making” and “public participation”,
they largely fail to offer concrete and actionable mechanisms for implementation. In most
cases, public participation remains a symbolic and ceremonial gesture. For the majority
of residents, the so-called “right to the city” becomes a rhetorical assertion rather than a
lived reality, as they are rarely granted genuine opportunities to shape urban development
according to their own aspirations.

To bridge the disconnect between developmental achievements and lived satisfaction,
targeted strategies must be adopted to realize the sustainable transformation of eco-cities.
First, environmental public services should be significantly enhanced to foster greener,
healthier, and more aesthetically appealing urban environments that promote well-being
and social cohesion. Second, safety and resilience must be prioritized through improved
disaster preparedness, robust public safety infrastructure, and overall urban resilience.
Third, residential functions need to be optimized to ensure that housing and community
services are attuned to daily needs and expectations. Fourth, transport infrastructure
should be upgraded to enhance accessibility, reduce congestion, and support sustain-
able mobility systems. Fifth, economic vitality must be reinforced through industrial
diversification, expanded employment opportunities, and inclusive economic policies that
distribute benefits more equitably across social groups. All of these improvements require
an integrated planning and governance framework that incorporates resident feedback,
adapts to dynamic urban demands, remedies the current lack of actionable mechanisms
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for democratic participation, and aligns technological innovation with human-centered
development goals.

Future research should focus on refining eco-city evaluation frameworks to incorporate
broader and more nuanced metrics of resident well-being and satisfaction while also
expanding the spatial and demographic scope of sampling. Moreover, longitudinal studies
tracking the evolving relationship between resident satisfaction and urban development
will provide critical insights into the dynamic mechanisms that underlie sustainable urban
transformation. Only through such efforts can the vision of eco-cities as harmonious and
inclusive urban spaces be genuinely realized.
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Abstract: Globally, the mutations around forest landscapes continue to draw significant
scientific interest, despite fragmented evidence on the socio-ecological outcomes linked to
this process. This knowledge gap is evident in the Congo Basin—one of the world’s major
ecosystems. To contribute towards addressing the knowledge gap, this study analyzed
two decades of forest landscape mutations and the socio-ecological transformation-cum-
outcomes linked to the process in Cameroon. A mixed-methods approach was employed,
combining remote sensing-based land use/land cover (LULC) analysis (using multi-date
Landsat imagery at 30 m resolution) with household surveys involving 100 randomly
selected forest-dependent households across three forest blocks: Ebo, Ndokbou, and
Makombé for ground truthing. Survey data were analyzed using descriptive statistics and
combined spatial analysis to reveal the following. Firstly, forest cover has significantly
increased within the 20-year period; this involved a 104.01% increase between 2004 and
2014, and an additional 47.27% between 2014 and 2024. In that vein, agricultural land
declined by more than 20%, whereas settlement and water bodies increased by 226.4% and
376.2%, respectively. Secondly, forest landscape mutations in the Yabassi Forest Area were
primarily driven by a convergence of social (notably population growth at 57% and liveli-
hood diversification), economic (agricultural expansion and timber exploitation), political
(tenure ambiguity and development-driven land conversion), and environmental (climate
variability at 36% and ecological restoration efforts) forces. These interwoven drivers
shaped the land use change process, revealing how the human-environment feedback
defines landscape trajectories in complex and non-linear ways. Thirdly, while the ecological
outcomes of forest mutations were largely positive—with significant gains in forest cover,
the social outcomes were skewed towards the negative. Communities experienced both
improvements in livelihoods and infrastructure (66%), but also faced land conflicts (67%),
the loss of traditional access (69%), and resource-based insecurity. By applying the socio-
ecological systems (SES) framework, this study provides novel insights on how governance,
ecological processes, and human behavior co-evolve in forest landscapes. The findings do
not only edify the SES framework but also challenge the mainstream position about forest
decline by highlighting areas of recovery. The evidence informs adaptive forest governance
processes in the Congo Basin and similar contexts. Further research should investigate the
institutional and adaptive mechanisms that influence these dynamics across the Congo
Basin.

Keywords: forests; mutations; drivers’ socio-ecological outcomes; Congo Basin
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1. Introduction

Forest ecosystems worldwide are undergoing profound transformations driven by a
complex interplay of anthropogenic pressures and environmental changes. At the heart
of these transformations are forest management institutions (FMIs), which play a pivotal
role in mediating the access, use and conservation of forest resources. The functionality,
design, and enforcement capacities of these institutions remain central themes in academic
discourse as scholars seek to unravel the dynamics that underpin compliance and sustain-
ability in forest governance systems [1–3]. Expanding global comparative research remains
vital to enhance our understanding of how FMIs are formulated and how they respond to
socio-ecological challenges [4].

A key concern within this context is forest landscape mutation. This term encapsulates
the long-term transformation of forested areas through substantial land use, ecological
structures and land cover changes. These shifts, primarily triggered by logging, agricultural
expansion, mining, infrastructural development and climate change, undermine forest
integrity and ecosystem service functions [5–7]. Globally, forest degradation and defor-
estation is alarming; recent data reveals an unsettling reversal in conservation gains. In
2023, 6.37 million hectares of forest was cleared. This renders the target to halt global defor-
estation by 2030 quite daunting [7]. With carbon emissions from deforestation reaching
3.8 billion metric tons of CO2 equivalent and more than 62 million hectares of ecological
downgraded, forest mutation now constitutes a global ecological emergency.

Agricultural expansion remains the foremost driver of forest change worldwide. In the
Congo Basin, which has the second-highest forest cover after the Amazon, more than 90%
of deforestation is attributed to land conversion for agricultural purposes [8]. Although
similar processes occur in Latin America and Southeast Asia, Africa is considered as the
region with the highest net forest loss globally, averaging 3.94 million hectares annually
between 2010 and 2020 [9]. In sub-Saharan Africa (SSA), small-scale agriculture for domestic
markets, along with informal logging and mining, exacerbates forest fragmentation and
ecological degradation [10,11].

The outcomes of forest landscape mutations in SSA are intimately linked to struc-
tural governance deficits that affect the ecological change process and limit community
adaptation. According to [9], we experienced the highest net forest loss globally between
2010 and 2020. This intensified soil erosion, leading to an increase in water insecurity
and degradation of ecosystems that are crucial for livelihoods and climatic moderation.
Beyond biophysical degradation, these transformations jeopardize progress towards attain-
ing global environmental commitments. Ref. [12] argues that unchecked forest mutations
across SSA derail efforts to meet climate mitigation goals and biodiversity conservation
targets, particularly under frameworks such as the REDD+ and the Aichi Targets.

In another dimension, the negative socio-ecological impacts of forest landscape muta-
tions are not uniform. A growing body of research highlights the role of local resilience
and community innovations in adapting to and mitigating landscape disruptions. For
instance, Ref. [13] documents how communities under secured forest tenureship engage in
ecologically beneficial practices such as agroforestry, selective harvesting, and community
reforestation. These adaptive responses underscore the fact that outcomes do not hinge
solely on environmental issues but equally manifest through institutional arrangements.
When governance systems are locally embedded, participatory, and responsive, they can
act as buffers against the adverse impacts of forest degradation. Nonetheless, persistent
challenges such as institutional fragmentation, overlapping jurisdictions, and elite capture
continue to weaken governance capacity [13]. These obstacles dilute accountability and
limit the effectiveness of community-based interventions. Therefore, understanding the
interplay between governance quality and forest mutation outcomes is essential for design-
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ing regionally tailored, equity-oriented forest conservation strategies in the Congo Basin,
with Cameroon being a classical example.

Cameroon exemplifies the tensions between the conservation of forest landscapes and
socio-economic development, with forests covering approximately 42% of its territory [6].
Smallholder farming, illegal logging, and artisanal mining have led to an annual forest
loss of 1.3% between 2010 and 2020 [6,7]. The Yabassi forest, part of the ecologically
significant Ebo Forest landscape, has witnessed accelerated degradation as exemplified by
is significant natural forest cover decline [14]. Cameroon’s 1994 Forestry Law introduced
progressive mechanisms such as Community Forest Management (Section 37) and Logging
Rights for Local Populations (Section 57), designed to align sustainable resource use with
local development. Even the recent 2024 Forestry and Wildlife Law further emphasized
these issues. Although these frameworks have shaped positive socio-ecological outcomes,
challenges linked to weak enforcement, exclusionary regulations, and inequitable benefit
sharing still exacerbate forest governance [15–17]. The above issues validate the need for
context-specific evidence to uncover governance questions in the context of forest landscape
mutations, with the Yabassi Forest Area being a valid case.

Questions on forest landscape mutations in the Yabassi Forest Area remain less
understood with emphasis on its spatiotemporal dynamics and the socio-ecological
transformation-cum-outcomes linked to the process. The evidence is useful in provid-
ing insights to edify the SES framework and challenges the mainstream position on forest
decline by highlighting areas of recovery. The evidence also informs forest management
policy with emphasis on adaptive forest governance processes in the Congo Basin and
similar contexts.

2. Research Methods

2.1. Analytical Framework

This study is grounded in the socio-ecological systems (SES) framework, which pro-
vides a holistic lens for analyzing the dynamic interactions between human and ecological
subsystems [18]. The SES framework integrates ecological processes, resource use patterns,
governance structures, and social behaviors into a single analytical structure. By adapting
the SES framework to the context of the Yabassi Forest Area, the study conceptualizes
forest landscape mutation not merely as physical land cover change but as a multi-scalar
and multidimensional transformation shaped by interlinked ecological, socio-economic,
institutional, and governance drivers.

The analytical model employed (Figure 1) maps the interplay between core compo-
nents of the SES resource systems (forests), resource units (timber, NTFPs, biodiversity),
actors (local communities, loggers, state agencies), and governance systems (formal forestry
laws, customary norms, NGOs). This also captures both proximate and underlying drivers
of landscape mutations. The drivers interact with biophysical feedback and institutional
responses, resulting in distinct socio-ecological outcomes—both negative and positive.
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The Yabassi Forest Area has experienced significant structural and functional shifts in
land cover due to logging, agricultural encroachment, mining, and infrastructural develop-
ment [19]. Forest cover declined by more than 30% between 1990 and 2020, with an esti-
mated annual deforestation rate of 1.3% between 2010 and 2020, primarily in the southern
and eastern zones adjacent to the Douala–Yabassi corridor [20–22]. These zones are marked
by expanding road networks, illegal logging routes, and encroaching settlement frontiers.

The SES framework allows for a nuanced exploration of the drivers of forest landscape
mutations, including:

• Logging (legal and illegal): More than 60% of the residents perceive illegal logging as
the dominant threat, driven by enforcement failures and corruption [23,24].

• Agricultural expansion: Both subsistence and commercial farming (cassava, cocoa,
oil palm) have led to a 45% increase in cultivated area, replacing vital forest cover in
high-pressure zones [23].

• Infrastructural development: Logging firms and urban sprawl from Douala have
tripled the regional road network since 2000, facilitating deeper forest penetration [24].

• Mining: Informal gold and gravel extraction led to river sedimentation, ecological
fragmentation, and biodiversity loss, particularly affecting freshwater ecosystems [22].

• Governance fragmentation: Weak institutional capacity, overlapping mandates, and
elite capture reduce policy effectiveness and allow unsustainable land use practices to
flourish [25].

The interactions yield varied socio-ecological outcomes. Some of the ecological out-
comes include deforestation, biodiversity loss (e.g., Kupeantha yabassi, Louisea yabassi), soil
erosion, and hydrological disruption [22,25,26]. However, secondary forest regeneration
and increased conservation awareness are championed by NGO campaigns to counter
these threats in zones with reduced disturbance. The social outcomes include livelihood dis-
ruption, cultural erosion (especially loss of access to sacred groves), gendered inequalities
in resource access, and land use conflicts among stakeholders. The influx of labor migrants
linked to extractive industries led to an increase in social fragmentation. However, some
communities have benefited from short-term employment in logging and agriculture and
have engaged in participatory governance through village forest management committees
(VFMCs) and NGO partnerships (e.g., AJESH).

By embedding these dynamics within the SES framework, the study captures the non-
linear, feedback-driven nature of forest landscape mutation in Yabassi. It emphasizes that
the outcomes are not simply a product of environmental pressures but are fundamentally
shaped by governance quality, actor interactions, and institutional adaptability. Thus, the
framework provides an integrated platform for evaluating the resilience or vulnerability
of forest landscapes, offering insights that can inform policy reform and community-led
conservation strategies in the Congo Basin and similar contexts.

2.2. Study Area

This study was conducted in the Yabassi Forest Area, a 300,000-hectare landscape lo-
cated in Cameroon’s Littoral and Central Regions, specifically in the Nkam and Mbam Divi-
sions (Figure 2). The area comprises three ecologically significant forest blocks: the Ebo For-
est (141,700 ha), the Ndokbou Forest (100,000 ha), and the Makombe Forest (60,000 ha) [23].
As part of the Guineo–Congolian rainforest belt, the region is recognized as a Key Biodiver-
sity Area, home to more than 310 bird species and several endangered mammals, including
the western gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes), drill monkey (Mandrillus
leucophaeus), and forest elephant (Loxodonta africana) [22,25]. The forests span an altitudinal
gradient of 9 to 1304 m and are characterized by high rainfall and a mosaic of microhabi-
tats. Despite its ecological value, the region faces growing development pressure, though

179



Land 2025, 14, 1644

conservation victories such as suspending a proposed logging concession in Ebo Forest in
2020 have highlighted its strategic importance [27]. The forest landscape is bordered by
more than 40 communities, including indigenous Banen populations, whose livelihoods are
based primarily on subsistence agriculture. As of 2018, the area had a population of 17,127.
Poor infrastructure and limited road access have contributed to the area’s conservation
value and governance challenges in the forest [28].

Figure 2. Study area map. Source: QGIS 3.28 (QGIS Development Team 2023).

The study area covers approximately 300,000 hectares, representing the generalized
boundary of the target landscape. However, the total area analyzed varies slightly across
different components of the study due to the application of specific data masks and in-
clusion criteria. During land use/land cover (LULC) classification, all valid pixels within
the defined study boundary were included, resulting in a total classified area of approxi-
mately 308,765 hectares. This slightly exceeds the nominal study area due to pixel-level
inclusion along boundaries and within an irregular geographic extent. In contrast, the
transition matrix analysis includes only pixels with valid classification in both time peri-
ods. As a result, unclassified, cloud-covered, or masked pixels—due to sensor limitations
or quality filtering—were excluded, reducing the total analyzed area to approximately
268,701 hectares. Such variation is common in remote sensing-based landscape analysis,
where differing pixel availability and data quality across time periods necessitate conserva-
tive inclusion criteria to ensure reliable change detection. All area-based calculations and
percentage changes reported are internally consistent within each analysis.
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2.3. Research Design and Data Collection

The study adopts a mixed-methods design guided by an explanatory sequential
model to examine the patterns and impacts of forest landscape mutations. The research
began with a spatial analysis to quantify forest change over 20 years (2004–2024), followed
by household surveys to assess local perceptions and socio-ecological outcomes. This
integration allowed for triangulation between observed land use dynamics and community
experiences, providing a more robust and policy-relevant understanding of the phenomena
under study.

Spatial data were derived from Landsat satellite imagery (Landsat 7 ETM+ for 2004,
Landsat 8 OLI for 2014, and Landsat 9 OLI-2 for 2024), sourced from the USGS Earth
Explorer. Supervised image classification was conducted using ArcGIS 10.8 to categorize
land cover into five classes: dense forest, degraded forest, agricultural land, settlements,
and water bodies. Google Earth Pro was used to extract geographic control points (GCPs)
for classification support. The land use and land cover analysis was conducted using
Landsat imagery obtained from the United States Geological Survey (USGS). Each image
had a spatial resolution of 30 m, which is suitable for detecting medium-scale landscape
changes in forested environments. The selected images corresponded to the dry season
months, thus reducing cloud interference and cover for 2004 (Landsat 5 TM), 2014 (Landsat
8 OLI), and 2024 (Landsat 9 OLI-2). At the same time, field verification was carried out
between March and May 2024 across selected communities in the three forest blocks.
These observations, combined with historical land use narratives, improved classification
reliability. Ground truthing was employed to enhance accuracy in mapping complex land
cover transitions, as recommended by Foody [29], while change detection analysis was
subsequently applied to quantify forest loss and gains, and to identify the spatial patterns
of landscape mutation.

To complement the geospatial analysis, a structured household survey was imple-
mented to assess community-level socio-ecological outcomes. The survey instrument
contained 18 closed-ended questions across four domains: demographics, environmen-
tal changes, ecological impacts, and social impacts. The survey targeted residents of the
Yabassi Forest Area who are actively engaged in forest-dependent activities such as farming,
hunting, and NTFP collection.

The sample was selected using a stratified random sampling approach to improve
representativeness. Eight villages were selected across the three forest blocks—Ebo (Iboti,
Bekob, Logdeng), Ndokbou (Ndokbou I, Ndokbou II), and Makombe (Milombe, Balam,
Moya)—based on their proximity to the forest and active reliance on forest resources
(Table 1). Within each village, households were randomly selected using a raffle-draw
method adapted to linear settlement patterns. The number of households surveyed in each
village was proportional to its estimated population and settlement density, helping to
ensure equitable spatial coverage. A total of 100 households were surveyed, representing
approximately 0.6% of the estimated population. While this proportion may appear low,
the sampling fraction of 5–10% was assured for each community.

Data collection occurred in two phases. In March 2024, preliminary visits and in-
terviews with two traditional leaders were carried out to identify key forest governance
structures and validate the survey design. From March to May 2025, the second phase
involved the full deployment of surveys by two research assistants who could communicate
in English and French. Before administering the questionnaire, community sensitization ses-
sions were held to explain the study’s purpose and ensure informed consent. Participation
was voluntary, and confidentiality was maintained throughout the process.
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Table 1. Community and village allocation with number of questionnaires.

Community Village Allocation Number of Questionnaires

Ebo
Iboti 10
Bekob 5
Logdeng 18

Ndokbou
Ndokbou I 11
Ndokbou II 8

Makombe
Milombe 11
Balam 11
Moya 26

Total: 100

To ensure contextual relevance and adaptation to logistical constraints, the survey
design process included a pre-testing phase conducted in December 2024. During this
period, the research team visited selected communities within the Yabassi Forest Area
to pre-test survey instruments, engage with local leaders, and assess the feasibility of
various distribution methods. This process informed the refinement of the data collection
instrument and the choice of the online survey approach. The online survey was conducted
with the support of community focal points and civil society organizations who helped
circulate the survey and assist less digitally literate participants. To reduce sampling bias,
the study targeted forest-dependent households with known engagement in farming, hunt-
ing, and/or non-timber forest products (NTFPs) collection. While some remote households
may have been underrepresented due to digital access limitations, outreach was broadened
through local mobilization and the involvement of trained field assistants who provided
guidance where needed. Survey results were triangulated with spatial analysis and key
informant interviews, strengthening the validity of the findings.

2.4. Data Analysis

This study adopted a mixed-methods approach combining spatial analysis and house-
hold survey data. Land use and land cover (LULC) classifications were derived from
multi-temporal satellite imagery using supervised classification techniques. Accuracy
assessment was performed using the ENVI 4.5 software, with standard metrics such as
overall accuracy and Cohen’s kappa coefficient applied to evaluate classification perfor-
mance across 2004, 2014, and 2024. For the household survey, responses were coded and
analyzed using Microsoft Excel. Descriptive statistics (frequencies and percentages) were
used to summarize trends related to forest changes, socio-ecological impacts, and gov-
ernance perceptions. Graphs and charts were used to visualize patterns, while thematic
analysis guided the interpretation of open-ended responses.

All results were interpreted using the socio-ecological systems (SES) framework [18],
which enabled the structured analysis of four key components: resource systems (forest
landscapes), resource units (timber, wildlife, NTFPs), users (households, traditional authori-
ties, private firms), and governance systems (customary laws, state regulations, community
forest committees). Through this integrative and systems-oriented approach, the study
offers a grounded understanding of the ecological and social outcomes of forest landscape
mutations, generating theoretical and action-oriented insights for conservation and rural
development in the Congo Basin.

2.5. Accuracy Assessment of Image Classification

To assess the accuracy of land use and land cover (LULC) classifications, the classified
outputs were validated using ground control points from preliminary field visits and remote
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validation with high-resolution satellite imagery. Accuracy assessment was conducted
with the ENVI 4.5 software using standard metrics, including overall accuracy and Cohen’s
kappa coefficient [30]. The results indicated moderate classification performance, with
kappa values of 0.54, 0.46, and 0.65 and overall accuracies of 73.02%, 60.44%, and 73.85% for
the years 2004, 2014, and 2024, respectively (Table 2). Earlier years exhibited a significant
fraction of unclassified pixels—41.87% in 2004 and 32.16% in 2014. This was mainly
due to cloud cover, image noise, and spectral confusion. However, improvements in
image resolution and classification techniques by 2024 eliminated the unclassified category
entirely, enhancing reliability. In addition to remote sensing data, the study incorporated
ancillary socio-economic, demographic, and policy information sourced from government
agencies, research institutions, and existing literature. These contextual datasets provided
insights on the drivers of land use and land cover change such as governance reforms,
evolving livelihood practices, and infrastructural growth in the Yabassi Forest Area, in line
with the recommendations of [31].

Table 2. Accuracy assessment metrics for land cover classification in the Yabassi Forest Area for 2004,
2014, and 2024, including per-class producer and user accuracy, overall accuracy, kappa coefficient,
and unclassified area percentage.

Land Cover Mutation
Classes

2004 Producer
Accuracy (%)

2004 User
Accuracy (%)

2014 Producer
Accuracy (%)

2014 User
Accuracy (%)

2024 Producer
Accuracy (%)

2024 User
Accuracy (%)

Agriculture 88.00 73.17 40.00 50.00 36.36 72.73
Forest 55.56 55.56 60.71 58.62 90.90 45.45
Settlement 60.00 81.82 75.00 60.00 80.00 80.00
Water 40.00 100.00 80.95 73.91 100.00 100.00
Unclassified – – – – – –
Overall Accuracy (%) 73.02 – 60.44 – 73.85 –
Kappa Coefficient (κ) 0.54 – 0.46 – 0.65 –
Unclassified Area (%) 41.87 – 32.16 – 0.00 –

Land Cover
Mutation Classes

2004 2014 2024
Producer
Accuracy (%)

User Accuracy (%)
Producer
Accuracy (%)

User Accuracy (%)
Producer
Accuracy (%)

User
Accuracy (%)

Agriculture 88.00 73.17 40.00 50.00 36.36 72.73
Forest 55.56 55.56 60.71 58.62 90.90 45.45
Settlement 60.00 81.82 75.00 60.00 80.00 80.00
Water 40.00 100.00 80.95 73.91 100.00 100.00
Unclassified - - - - - -
Kappa Coefficient 0.54 0.46 0.65
Overall Accuracy 73.02 60.44 73.85

Year Overall Accuracy (%) Kappa Coefficient (κ) Unclassified Area (%)

2004 73.02 0.54 41.87
2014 60.44 0.46 32.16
2024 73.85 0.65 0.00

3. Results

3.1. Forest Landscape Mutations

Forest landscape mutations were analyzed using land use/land cover maps for the
periods between 2004 and 2024 as follows:

3.1.1. Land Use Land Cover Situation in 2004

The period 2004 recorded unclassified areas as the most dominant in terms of land
use (41.87%) followed by agricultural land (33.84%), with the least being water bodies
(0.50%). The dominance of unclassified areas is largely due to the inability to accurately
recognize land use, coupled with cloud cover, which rendered classification very difficult. In
recognition of this, agriculture dominated the land use classes, signifying the encroachment
of farmland into forest areas (Table 2 and Figure 3). This may partly explain the limited
coverage of forest areas (22.85%). Settlements in 2004 were not significant, as the population
was limited at the time. This probably caused the few inhabitants to construct buildings
for shelter (0.94%), as seen in (Table 3). It is also important to note that the image had scan
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lines that could be attributed to how satellite captures the area within the analysis period,
as Landsat 7 is affected by scan line corrector (SLC) failure.

Figure 3. Supervised classification map of Yabassi 2004. Source: USGS Landsat 8; ground truthing
(March–May 2024).

Table 3. Area (ha) and percentage coverage of LULC mutation classes for 2004.

LULC Mutation Classes Area (ha) Percentage (%)

Agriculture 104,486.686164 33.84
Forest 70,552.291268 22.85
Settlement 2892.831775 0.94
Water 1547.167395 0.50
Unclassified 129,286.17359 41.87

Total 308,765.15019 100

3.1.2. Land Use Land Cover Situation in 2014

As of 2014, forest cover increased substantially by 46.63%, representing the most
dominant land cover classes in the landscape. Although a similar pattern of unclassified
land cover class exists in the 2014 images, covering a significant area (32.16%), it highlights
the difficulty during the classification process in identifying this land cover class. Water
bodies and settlements recorded the least land cover classes, with 2.48% and 2.06%, re-
spectively, representing the fourth and fifth land cover classes. It was expected that with
population growth, more land would be exploited for agricultural purposes (Table 4 and
Figure 4). However, by 2014, agricultural land declined from 33.84% in 2004 to 16.69%,
revealing a probable mismatch in the classification. Areas classified as unclassified may be
productive for agriculture; however, since there were difficulties identifying and classifying
these areas as potentially productive agricultural lands, the land cover for agriculture
decreased drastically.

184



Land 2025, 14, 1644

Table 4. Area (ha) and percentage coverage of LULC mutation classes for 2014.

LULC Mutation Classes Area (ha) Percentage (%)

Agriculture 51,507.786547 16.69
Forest 143,953.3177 46.63
Settlement 6346.582301 2.06
Water 7668.268628 2.48
Unclassified 99,287.735788 32.16

Total 308,763.690965 100

Figure 4. Supervised classification map of Yabassi 2014. Source: USGS Landsat 8; ground truthing
(March–May 2024).

3.1.3. Land Use Land Cover Situation in 2024

The 2024 land cover map places forest as the most dominant land cover class, with a
total area of 211,982.271101 ha, representing 68.65% of the total landscape. This increase
may be attributed to several interventions in the region, including but not limited to
enrichment planting, agroforestry systems, and farmer-managed natural regeneration.
These activities were implemented by government agencies such as the Delegation of
Forestry and Wildlife and some environmental conservation NGOs. In 2024, images were
clear enough to facilitate the distinction between the various land cover classes. This
eliminated the unclassified category due to improved image quality. Agriculture became
the second most dominant land cover class, with a total area of 80,120.52 ha, representing
25.91% of the total landscape. Population increase along with its attendant demand for
resources led to the expansion of agricultural land (Table 5 and Figure 5). Although
settlement and water bodies increased by 3.05% and 2.39% in the landscape, they remain
the least recorded land cover classes within the landscape. The increase in population has
forced people to convert land classes, such as forests or agricultural areas, to pave the way
for other land uses.
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Table 5. Area (ha) and percentage coverage of LULC mutation classes for 2024.

LULC Mutation Classes Area (ha) Percentage (%)

Agriculture 80,012.520766 25.91
Forest 211,982.271101 68.65
Settlement 9410.935624 3.05
Water 7369.197745 2.39

Total 308,774.925237 100

Figure 5. Supervised classification map of Yabassi, 2024. Source: USGS Landsat 8; ground truthing
(March–May 2024).

Between 2004 and 2014, the landscape underwent significant transformations
(Table 6). A substantial 40.9% of the land originally under agriculture in 2004, equiv-
alent to 41,743.73 hectares, transitioned into forest by 2014, suggesting either widespread
reforestation or potential reclassification due to improved spectral resolution and classifica-
tion techniques. However, this greening was offset by 9156.90 hectares of forest converted
to agriculture, representing 12.9% of the forest area in 2004. These shifts underscore a
pattern of land use flux driven by both environmental management interventions and
ongoing agricultural expansion. Additionally, 38,675.50 hectares (or 41.9%) of previously
unclassified areas contributed to forest cover in 2014. While this indicates improved im-
age clarity, it could also underscore the challenge of cloud cover and spectral confusion
in earlier classifications. These issues are commonly reported in remote sensing in the
tropics [29].
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Between 2014 and 2024, further landscape transformation was observed (Table 7);
108,596.38 hectares, which is 75.5% of the 2014 forest area remained forested in 2024,
reflecting relative stability and ecological continuity. In contrast, 34,087.08 hectares (ap-
proximately 66.2% of agriculture from 2014) were reclassified as forest, potentially due to
successful conservation efforts such as community forest management, agroforestry, and
reforestation programs supported by NGOs such as AJESH and local governance struc-
tures [32]. Despite this, deforestation persisted, with 29,299.32 hectares of forest converted
to agricultural land. Around 20.4% of the forest area in 2014 was converted, highlighting
continued land pressure, particularly from subsistence and commercial farming [12]. Addi-
tionally, 2634.28 hectares of forest were lost to settlements, likely due to population growth
and urban expansion associated with proximity to Douala. Importantly, the total landscape
area remained consistent at around 268,701 hectares, allowing for accurate inter-period
comparison. A key improvement in the 2024 dataset was the elimination of unclassified
land, reflecting enhanced data quality, classification accuracy, and ground validation efforts
through field surveys conducted between January and April 2024.

The transition matrices illustrate a highly dynamic system, with agriculture emerging
as the most volatile class, constituting both a driver and a consequence of land use change.
These patterns reflect broader African forest trends, where shifting cultivation, population
growth, and weak governance contribute to land use change [9]. In Yabassi, such changes
are associated with socio-ecological outcomes including habitat loss and biodiversity
decline to altered livelihood systems, land tenure conflicts, and shifts in resource access.
Such outcomes require adaptive forest governance strategies [28].

3.1.4. Change Analysis of Land Use/Land Cover

From the data, it is observed that between 2004 and 2014, forest cover in the Yabassi For-
est Area expanded significantly by 104.01%, rising from 70,536 ha to 143,927.76 ha (Table 8).
This rise is the result of natural regeneration or increased conservation initiatives. This
growth continued, albeit moderately, between 2014 and 2024, with a further 47.27% increase.
This brings the forest area to 211,931.96 ha and marks a total increase of +151.28% over
the past two decades. In contrast, agricultural land dropped by 50.72% between 2004 and
2014, declining from 104,462.40 ha to 51,495.92 ha. However, it showed a partial rebound
by 55.33% in 2024, totaling 79,974.29 ha. Despite this recovery, the overall agricultural
footprint recorded a net loss of −23.46%, reflecting a dynamic cycle of land use influenced
by abandonment, classification limitations, and/or changing livelihood strategies.

Table 8. Change analysis of key metrics over time.

LULC Class 2004 Area (ha) 2014 Area (ha) 2024 Area (ha) % Change (2004–2014) % Change (2014–2024) % Change (2004–2024)

Agriculture 104,462.40 51,495.92 79,974.29 −50.72% +55.33% −23.46%
Forest 70,536.00 143,927.76 211,931.96 +104.01% +47.27% +151.28%
Settlement 2892.53 6344.28 9437.20 +119.47% +48.75% +226.43%
Water 1546.62 7665.41 7364.76 +396.00% −3.92% +376.20%
Unclassified 129,263.63 99,274.83 N/A −23.23% N/A N/A

Settlement witnessed consistent expansion in both decades, increasing from 2892.53 ha
in 2004 to 6344.28 ha in 2014 (+119.47%). This reached 9437.20 ha in 2024 (+48.75%),
representing an overall increase of +226.43%. Water bodies showed an initial sharp change.
This was characterized by a +396.00% increase from 1546.62 ha to 7665.41 ha between 2004
and 2014, then a slight decline in 2024, indicating a net gain of +376.20% over the 20 years.
Meanwhile, the unclassified land area recorded a decrease from 129,263.63 ha in 2004 to
99,274.83 ha in 2014 (−23.23%). By 2024, this class was eliminated due to advancements
in image clarity and classification techniques. Overall, the results highlight a complex yet
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instructive pattern of landscape transformation, driven by both ecological restoration and
human activities that shape the socio-ecological trajectory of the Yabassi Forest Area.

3.2. Drivers of Forest Landscape Mutations

The results reveal that forest landscape mutations in the Yabassi Forest Area are driven
by a combination of socio-economic and environmental pressures, as seen in Figure 6 below.
Population growth (57%) and deforestation for agriculture or farming (56%) emerged as
the leading drivers, highlighting the growing demand for land amid limited alternative
livelihoods. Logging activities (48%) and urban expansion (48%) further contributed
to forest degradation, particularly near rapidly growing settlements such as Solle and
Dimbong. These pressures were compounded by the perceived effects of climate change
(36%), which affects vegetation patterns and exacerbates land vulnerability. Though less
frequently cited, mining activities (20%), government projects (16%), and infrastructural
development (14%), including the construction of roads and schools, also played a role
in altering the landscape. These findings point to a complex interplay of local land use
decisions and broader development agendas, underscoring the need for integrated forest
governance approaches that address both immediate livelihood needs and long-term
environmental sustainability.

Figure 6. Drivers of FLSM. Source: field work 2025.

3.3. Socio-Ecological Outcomes of Forest Landscape Mutations

Table 9 captures the dual nature of forest landscape mutations, which are structured
under positive and negative ecological and social outcomes. The most significant positive
ecological outcome was forest regeneration (30%), followed by improvements in biodiver-
sity conservation (25%). The least reported was the emergence of ecotourism opportunities
(8%). From the negative perspective, the perceived decline in biodiversity (76%) and
wildlife loss (75%) were the most significant, while other aspects of ecological stress (2%)
featured the least.

The significant positive social outcomes included the provision of job opportunities
(66%) and infrastructural development (66%), while the least reported ones included access
to forest products and mobility (5%). The loss of traditional forest access (69%) and land
conflicts (67%) stood as the significant negative social outcomes, while the disruption of
the social fabric (2%) was the least reported (Table 6).
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Table 9. Socio-ecological outcomes of forest landscape mutations in the Yabassi Forest
Area (2004–2024).

Dimension Positive Outcomes Negative Outcomes

Ecological

- Forest regeneration (30%)
- Biodiversity conservation (25%)
- Reforestation/afforestation interventions (18%)
- Emerging ecotourism opportunities (8%)

- Wildlife loss (75%)
- Hotter, drier local climate (52%)
- Decline in wood and medicinal plants (42%)
- Soil erosion and flooding (34%)
- Diminished water sources (14%)
- Other ecological stress (2%)
- Perceived decline in biodiversity (76%)

Social

- Job opportunities (66%)
- Infrastructure development (66%)
- Improved access to land (32%)
- Better living standards (24%)
- Other social benefits, e.g., access to forest
products and mobility (5%)

- Loss of traditional forest access (69%)
- Land conflicts (67%)
- Food and water shortages (23%)
- Decline in income from forest resources (14%)
- Migration due to worsening conditions (13%)
- Other social disruptions (2%)

4. Discussion

The Yabassi Forest Area, situated within the Congo Basin, offers an insightful case
of socio-ecological transformations shaped by two decades of dynamic forest landscape
mutations. Using the socio-ecological systems (SES) as analytical framework [18], this
study illustrates how interactions between resource systems (forests), resource units (biodi-
versity and land cover types), governance systems (local and state institutions), and users
(communities and actors such as NGOs) collectively produce a set of positive and negative
socio-ecological outcomes.

To deepen the SES framework, this study anchored its findings to the core components
of the SES framework. The forest landscapes of Ebo, Ndokbou, and Makombé serve
as distinct resource systems (RS), each exhibiting different forest cover trends and land
use pressures. Within these systems, households engage with various resource units
(RU)—including timber, NTFPs, wildlife, and medicinal plants—based on livelihood needs
and cultural practices. These interactions are mediated by a diverse array of actors (A)
such as herbalists, hunters, and women, many of whom face limitations in access and
decision-making power. The governance system (GS) encompasses both formal institutions
(e.g., forestry laws and NGO interventions) and informal mechanisms (e.g., traditional
rules and community bylaws). Reported participation in conservation activities (66%)
alongside low perceived governance effectiveness (29%) highlight tensions within this
system. Through activities like farming, hunting, and forest product collection, these actors
engage in interactions (I) that lead to key outcomes (O) such as perceived forest decline
(95%), biodiversity loss (90%), land conflicts (67%), and importantly local observations
of forest regeneration (30%). The core contribution centers on the observed positive and
negative ecological and social outcomes linked to the changes in the resource system
(socio-ecological system). This enhances the understanding of how governance failures,
livelihood dependencies, and ecological pressures have co-evolved in shaping the Yabassi
forest landscape.

Between 2004 and 2024, Yabassi experienced a notable increase in forest cover, from
22.85% to 68.65%, representing a net gain of more than 45%. This net gain is accounted for,
in part, by the sustained ecological interventions such as agroforestry, enrichment planting,
and farmer-managed natural regeneration of state actors and NGOs. This affirms the SES
proposition that resilient outcomes are possible when institutional arrangements (e.g., com-
munity forestry) align with local ecological knowledge and incentives. These findings align
with the work of the author of [33], who observed that community-led forest governance
in Cameroon enhances the success of reforestation and ecological stewardship. However,
this contrasts with that in [34], which argued that conservation interventions often fail
to deliver long-term environmental benefits in Central Africa due to institutional frag-
mentation and inconsistent policy enforcement. The Yabassi case, however, suggests that
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where multi-actor governance is coordinated and socio-ecological feedback is recognized,
achieving significant recovery is possible.

While the study recorded a +151% increase in forest cover between 2004 and 2024, it is
important to note that this finding does not align with regional and global trends, which
generally report net forest loss across Cameroon and other parts of the Congo Basin. For
instance, Refs. [6,9] highlight persistent deforestation in the Congo Basin due to agricultural
expansion, logging, and infrastructure development. However, the results reflect localized
landscape dynamics within the Yabassi Forest Area and should not be generalized as
indicative of national or continental trends.

Several contextual factors help explain the observed forest gains. First, passive regen-
eration of formerly cultivated or abandoned farmland—particularly in areas affected by
shifting livelihood strategies and population mobility—contributed to the natural recovery
process of forested areas. This mirrors regeneration trends observed elsewhere in Central
Africa [35]. Second, the Yabassi Forest Area partially overlaps with Key Biodiversity Areas
(KBAs), where targeted community-based conservation initiatives have played a critical
role. A notable example is the suspension of a proposed logging concession in the Ebo
Forest (141,700 ha) in August 2020 by the government of Cameroon. This decision came
in response to stiff opposition from local communities, environmental NGOs, scientists,
and international partners, who highlighted the forest’s global ecological significance and
its role in supporting endemic and endangered species, such as the Nigeria–Cameroon
chimpanzee and forest elephants. The government issued a public statement revoking
the decree to allocate the concession. This helped to avert large-scale forest clearance and
reaffirmed the value of community and civil society engagement in forest governance [36].
The intervention has since enabled continued forest recovery and strengthened the foun-
dation for biodiversity conservation and local stewardship in the region. Third, certain
blocks, particularly portions of the Makombé Forest, have remained relatively inaccessible
due to topographic and infrastructural constraints, limiting commercial exploitation and
preserving forest integrity. Last, the apparent forest gains may be partially attributable to
improved classification methods in 2024, including higher-quality satellite imagery and
the elimination of the “unclassified” category, which enhanced the visibility and detection
of secondary forests and regenerating woodlands previously masked by cloud cover or
spectral confusion.

It is evident that there has been a net gain in forest cover within this landscape.
However, the reported +151% increase in forest cover between 2004 and 2024 should be
interpreted with caution, as it may partially reflect classification differences rather than
the true ecological change. Classification accuracy was notably lower in the earlier years
(overall accuracy: 73.02% in 2004; 60.44% in 2014) compared to 2024 (73.85%), with high
proportions of unclassified pixels in 2004 (41.87%) and 2014 (32.16%), and none in 2024.
These discrepancies indicate that improved image quality and classification techniques in
2024 likely contributed to the forest gain estimate, because it reduced omission errors and
expanded the detectable area. While a formal error-adjusted area estimation [37] was not
applied, the study now incorporates this limitation in the interpretation and recommends
such methods for future research to derive more robust change estimates.

The observed mutations in forest landscapes underscore the volatility of agricultural
land use, which declined sharply by 50.72% between 2004 and 2014 before witnessing a
partial rebound by 2024. Agriculture has thus acted both as a driver and a recipient of
land use change, confirming its role as a core feedback variable within the SES framework.
This finding aligns with [28], who emphasized the bidirectional nature of agricultural
pressure and forest transformation in Cameroon. It also reflects broader African trends,
where shifting cultivation, market-driven farming, and tenure uncertainty destabilize land-
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scapes [9]. These dynamics challenge [38], which projected a linear decline in forest cover
under expanding agricultural fronts, underestimating the potential for forest regeneration
under hybrid land use regimes.

The drivers of forest landscape mutations in Yabassi, mainly population growth
(57%), agricultural expansion (56%), logging (48%), and urban development (48%), further
illuminate the complex interplay of ecological and social subsystems. These pressures
mirror patterns found elsewhere in the Congo Basin, where demographic trends and
infrastructural development amplify land conversion. Interestingly, the perceived effects
of climate change (36%) were also identified as a key driver, particularly through its
effects on rainfall variability and soil productivity, which redefine local land use decisions.
These findings support [39], which demonstrated that vulnerability to climate variability
accelerates land transitions in rural forest communities. However, they differ from [40],
which rather emphasized the dynamics of global commodity markets. In the Yabassi Forest
Area, shifts in rainfall patterns, rising temperatures, and increased frequency of extreme
events have altered species distribution, promoted pest outbreaks, and increased the risk
of fire—ultimately degrading biodiversity and disrupting key ecosystem services such as
water regulation and soil retention. Studies elsewhere support these concerns; for example,
Ref. [41] observed that in Southwest China, climate change contributed to water yield
reduction (84%) and to variations in soil conservation (91%), thus surpassing the impacts
of land use change [42]. These changes in ecosystem service provision highlight the scale-
dependent uncertainties that climate variability introduces, particularly for water-related
functions. These local observations are consistent with broader regional and global patterns
of climate-induced forest change. Recent studies further highlight how climate change
reshapes forest landscapes and ecosystem services through linked drivers such as fires,
drought, and biodiversity loss. For example, climate-induced shifts in species composition
and forest structure are becoming increasingly common, as warmer and drier conditions
promote more frequent and intense fires while reducing the resilience of late-successional
forest ecosystems [43,44]. Drought-induced mortality alters species composition and
reduces carbon storage in forest biomass; this creates potential feedback loops within
the climate system [45,46]. In tropical forests like the Amazon, increased drought and
fire risks may shift ecosystems toward more fire-prone and biodiversity-poor savanna
states [47,48]. These findings underscore the importance of integrating climate resilience
into forest management and conservation planning in Yabassi and similar forest systems
worldwide. In the Yabassi context, where livelihoods depend on forest-derived ecosystem
services, promoting ecosystem-based adaptation strategies, improving forest monitoring
systems, and integrating climate resilience into conservation planning are essential.

The socio-ecological outcomes of forest transformations have been both enabling and
exclusionary. On the ecological front, gains in forest cover were associated with forest
regeneration (30%), perceived biodiversity conservation (25%), and increased opportunities
for ecotourism (8%). These benefits demonstrate how landscape-level interventions can
enhance ecosystem integrity and unlock new economic opportunities, particularly when
combined with community engagement. Yet the legacy of earlier forest loss is still deeply
felt. Wildlife decline was reported by 75% of respondents, while 76% reported a decline in
biodiversity. This dissonance between quantitative forest gains and qualitative ecological
degradation challenges simplistic metrics of conservation success, supporting [26], which
argues that forest integrity, not just extent, is the true determinant of ecological resilience in
the broader Congo Basin.

Socially, the positive outcomes of increased employment (66%), improvement in infras-
tructure (66%), and improved land accessibility (32%) were widely reported. These align
with the SES emphasis on livelihood diversification as a component of resilience. Yet, these
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benefits were accompanied by deepening inequality and dispossession. Loss of traditional
access (69%), rising land conflicts (67%), and migration due to deteriorating conditions
(13%) highlight the social costs of forest mutations. This supports [49], which documented
how conservation gains in Central Africa often coincide with social marginalization when
tenure rights are weak or undefined. It also contradicts [50], which contended that forest
transitions in community-managed landscapes in Cameroon are socially beneficial. In
Yabassi, it is evident that without equitable governance, forest recovery can coincide with
socio-spatial exclusion.

The implications of these findings for policy are profound. First, adaptive forest
governance must move beyond ecological indicators to encompass social equity, livelihood
security, and cultural access. Recognizing customary tenure, supporting agro-ecological
transitions, and investing in inclusive monitoring systems remain crucial for success.
Second, landscape management must be context-specific and flexible, integrating local
knowledge and feedback into decision-making processes. Third, regional planning should
anticipate and mitigate the unintended consequences of infrastructure and demographic
growth factors that can undermine forest resilience.

In summary, the Yabassi case provides both caution and promise. It shows that
forest recovery is possible but not inevitable, that ecological gain can coexist with social
fragmentation, and that policy success lies not in technocratic fixes but in participatory,
system-aware governance. As a microcosm of broader Congo Basin dynamics, Yabassi
reveals the importance of aligning conservation goals with socio-ecological realities to
ensure sustainable and just forest futures.

5. Conclusions

This study provides novel evidence that, contrary to prevailing regional and global
trends of net forest loss, the Yabassi Forest Area experienced a significant increase in
forest cover between 2004 and 2024. This gain reflects localized dynamics, driven by
passive regeneration, community-based conservation, and improved classification accuracy
rather than broader national or continental patterns. The findings reveal that ecological
recovery can occur in socially contested forest landscapes when governance structures,
local engagement, and restoration opportunities align. However, the uneven distribution
of socio-ecological benefits highlights that forest gains alone do not guarantee social equity,
underscoring the need for integrated governance that couples ecological objectives with
livelihood security and tenure rights. These insights refine the application of the SES
framework by demonstrating its utility in capturing both the drivers and trade-offs of
forest landscape mutation in the Congo Basin.
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